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1. INTRODUCTION 


1.1 A STUDY PERSPECTIVE | 
The purpose of this project is to review and develop improved life-cycle-cost (LCC) analysis 
procedures and network (program) analysis procedures for New York State Department of 
Transportation (NYSDOT). A review by the research team of NYSDOT procedures indicates 
that there are areas that could be improved. These areas include: 

(a) establishment of optimal goals, optimal budget allocations, and optimal maintenance 

and rehabilitation (repair) strategies at network-level, 

(b) optimal project selection procedures at network-level, and 

(c) optimal treatment selection procedure at project-level. 
After carefully reviewing these procedures and comparing them to those used by other agencies, 
the research team will propose improvements for consideration. These proposed improvements 
will be made in a series of five reports in response to the first five tasks listed below. Upon 
approval by NYSDOT, these proposals will be put together, constituting a Final Report and a 
Users Manual. 


1.2 AN OVERVIEW OF PAVEMENT MANAGEMENT SYSTEMS 

The AASHTO Guidelines for Pavement Management Systems (1 990)" quotes the Federal 
Highway Administration’s definition of a Pavement Management System (PMS) as “a set of 
tools or methods that (can) assist decision makers in finding cost-effective strategies for 
providing, evaluating and maintaining pavements in a serviceable condition”. These Guidelines’ 
also identify the major requirements for a PMS as being a Database, an Analysis Procedure, and 
a Feedback Process. NYSDOT has a PMS in operation and most of these requirements for a 
PMS are already in place, as discussed below. The objective of this study is to determine areas 


of improvements in the NYSDOT PMS, and make recommendations for these improvements. 


Database 
A database of pavement inventory, condition, construction and repair history, cost and traffic 


volume is essential to any PMS. NYSDOT keeps records of most of these data. A report 
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responding to Task 3 will look at some aspects of these data and recommend improvements in 


record keeping and, if need be, additional data. 


Analysis Procedures 
Using data from the database, a PMS can evaluate current (and, preferably predict future) 
pavement condition or performance. Based on the current (and sometimes predicted) pavement 
conditions, we can use an analysis procedure to determine most cost effective repair strategies. 
There are three main types of analysis procedures. These are: 
Pavement Condition Analysis in which only current pavement conditions are used to rank 
and select projects. In case of budget limitations those projects falling far below the 


assigned rank are deferred to the next budget year when the process is repeated. 


Priority Assessment Methods (also known as “bottom-up” methods) first determine the 
most optimal (based on life-cycle costs) repair actions for each individual project. A 
variety of methods (including cost/benefit, incremental cost/benefit, cost effectiveness, 


etc.) are then used to prioritize these projects at the network-level. 


Network Optimization Methods (also known as “top-down” methods) first determine 
optimal network goals, repair strategies or policies, and/or resource requirements by 
simultaneously evaluating the entire network of pavements. These strategies are then 


applied to individual projects on which site-specific treatments may be identified. 


The current NYSDOT network analysis method is essentially a Priority Assessment Method. The 


procedure, known as Infrastructure Needs Assessment Model (INAM),2"*"7 


essentially keeps 
track of all costs and selects projects based on needs and budget constraints. INAM is further 
discussed in Section 2.2 of this report. The research team is proposing to introduce optimization 
routines to enhance the capabilities of NYSDOT network-level PMS. The proposed 


improvements are presented in Section 3. 
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Feedback Process 


A feedback process is essential to a PMS if it is to be reliable. Most of the information used to 
make current and future decisions need to be verified and/or modified over time. This 
information may include repair cost data, pavement performance prediction, effects of repair 
method to pavement deterioration, and recommended versus applied treatments. The feedback 
process used by NYSDOT will be evaluated and strengthened in the process of responding to 
Tasks 2, 3, and 4. 


1.3. NETWORK-LEVEL VERSUS PROJECT-LEVEL PAVEMENT MANAGEMENT 
Before discussing and evaluating the current network-level and project-level pavement 
management system used by NYSDOT, it is important to define what network-level and project- 


level pavement management consist of within the framework of a pavement management system. 


Network-Level Pavement Management 
Network (program)-level pavement management takes into consideration all pavements in the 
- agency network. At this level the main objective is to establish network-level policies, budget 
requirements, repair priorities and schedules. The AASHTO Guidelines for Pavement 
Management Systems (1990) identifies specific products required to meet the objectives of a 
network-level PMS as: 

e Information concerning the condition or health of the pavement network. 

e Establishment of maintenance, rehabilitation and reconstruction policies. 

e Estimation of budget requirements. 

e Determination of network priorities. 
The results of network-level analysis are of great interest to elected officials, budget directors, 


and managers of the agency. 


Project-Level Pavement Management 
Project-level pavement management determines the optimal treatment strategy for maintaining a 


specific segment of pavement in the network. This level of management involves assessing 


causes of pavement deterioration, determining potential solutions, assessing benefits of 
alternatives, and selecting a solution and design. Detailed site-specific data on pavement 
condition, materials etc., are required at this level of decision making. 

Generally, in a “top down” pavement management system, network-level analysis is done first, 
followed by project-level analysis. The project-level analysis essentially implements network- 
level strategies, observes budget restrictions and network priorities. In such a system, network 
preservation and performance take precedence over the life-cycle-cost of preserving individual 


projects. This means network goals and policies guide project selection and treatment selection. 


NYSDOT Pavement Management 


NYSDOT has both network-level and project-level pavement management. The system 
generally recognizes the “top down” procedure. However, there is a need to bring closer the 
project-level and network-level analyses such that network-level strategies drive project-level 
analysis and not vice versa. To accomplish this, we propose improvements in NYSDOT’s 
network-level analysis procedures in order to facilitate the determination of optimal budget and 
repair policies, the evaluation of consequences of resource constraints on network performance, 
and the determination of network priorities. The current project-level analysis will be evaluated 
and recommendations will be made as to how it can be driven by results of network-level 
analysis. This means that network-level analysis sets up maintenance, rehabilitation and 
reconstruction policies (or strategies) and the project-level analysis determines the best treatment 


for a project that lies within a specified strategy. 


1.4 SUMMARY OF THE CONTENTS OF THIS REPORT 


This report constitutes a response to the Task 1 namely: To review, compare, and evaluate 
project-level and network-level pavement life-cycle cost analysis procedures in use by the 
Department and other highway agencies. Section 2 presents a summary of a survey of pavement 
management systems used by agencies in the USA and in Canada. This Section also summarizes 
the method used by NYSDOT, and proposes improvements to the existing system. Section 3 


presents proposals for improving network-level analysis procedures for NYSDOT. Section 4 
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discusses the current NYSDOT project-level analysis and makes recommendations for 


improvements. Finally, Section 5 presents the conclusions of the Task-1 report. 


2. ASURVEY OF PAVEMENT MANAGEMENT SYSTEMS 


In Section 1.2 it was stated that a good pavement management system needs a database, an 
analysis method(s) and a feedback process. The main distinguishing factor of pavement 
management systems used by agencies in the USA and in Canada is the type of analysis method 
used. Consequently, this survey will categorize agencies based on this factor. Another 
distinguishing factor that is related to the analysis method is the order in which the analysis is 
done. The first is a “bottom up” approach whereby treatments for individual projects are 
selected first followed by project selection at network-level. The second is a “top down” 
approach where network-level goals, strategies and budgets are determined first, followed by a 


simultaneous project and treatment selection process that is guided by network-level priorities. 


2.1 CURRENT PROJECT AND TREATMENT SELECTION PRACTICES 

Project and treatment selection practices form the core of pavement management systems. 
Highway agencies use these practices to control long-term network conditions and budget levels. 
In this section we present an overview of project and treatment selection practices by highway 
agencies in the USA and in Canada. Most of the results contained in this section are based on 
results of a survey of project and treatment selection methodologies conducted by the National 


Cooperative Highway Research Program (NCHRP) Synthesis 222 


Project Selection 

The process of project identification and selection can take place at different stages. It can take 
place before the budget is set, in which case project selection becomes the basis for establishing 
required budget needs. Alternatively, project selection can be part of the budget setting process. 
NCHRP Synthesis 222° shows that the most common approach (57% of agencies in the USA 
and in Canada) do project selection after the budget setting process. There are different methods 


of project selection. The AASHTO Guidelines for Pavement Management Systems” identify three 
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main project selection methods as Pavement Condition Analysis, Priority Assessment Models, 
and Network Optimization Models. These methods are briefly discussed in Section 1.2. 
However, other methods are also in use as reported in NCHRP Synthesis 222°. According to this 
synthesis, which presents results of a survey of 46 highway agencies in the USA and 10 in 
Canadian provinces, the majority of agencies use Pavement Condition Analysis (47%), followed 
by Network Optimization Models (19%), and Priority Assessment Models (16%). The rest of the 
agencies use systemic or other methods (21%). Figure A- 2.1 shows this distribution of analysis 


methods among agencies. 


Agencies that use Priority Assessment Methods prioritize their projects over a planning horizon. 
About 52% of these agencies use a pavement condition ranking method to prioritize projects, 
21% use cost/benefit or incremental cost/benefit methods, while 11% use a life-cycle costing 


method. 


Systemic or 
Other (21%) 






Pavement 
Condition 
q Analysis (47%) 
Network 
Optimization 
Models (19%) 


Priority 
Assessment 
Models (16%) 


Figure A- 2.1 Project Selection Methods used in the USA and in Canada 


Agencies that use Network Optimization Methods for project selection employ a variety of 
methods to do this. These methods include linear programming, non-linear programming, 
integer programming, dynamic programming, heuristic and other cost/benefit methods. NCHRP 
Synthesis 222° shows that the majority of these agencies use linear programming (62%), followed 


by other methods as shown in Figure A- 2.2. 
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Heuristic 
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Figure A- 2.2 Network Optimization Methods used in the USA and in Canada 


In using optimization methods for network-level analysis, two most commonly used constraints 
are limits on budget levels and limits on overall network condition. At the project level, three 
factors are commonly used in decision making. These are design service life, project cost and 


benefits provided by the treatments. 


Value of Projects 

Project selection involves the prioritizing and ranking candidate projects in order of their worth. 
The majority of agencies in the USA and in Canada use reductions in pavement distress and 
roughness to value projects and their respective treatments. Other measures used to a lesser 
extent include rut depth, project cost, project design service life, surface friction. Few agencies 
indicated direct use of project benefits, such as savings in user costs, agency costs, safety 


improvements, etc. 


Treatment Selection 

A majority of agencies indicate that they use multiple treatments in their pavement management 
systems. However, most agencies use between one and four and very few use more than seven 
alternative treatments, as shown in Figure A- 2.3. Treatment selection most commonly takes 
place as part of project selection process (56% of agencies). Forty-one percent of agencies select 


treatments after projects selection, and a minority of agencies indicated that they select 
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treatments before project selection. The most commonly used factors in selecting treatments 
include current pavement condition, traffic loading, total treatment cost, design service life, 
functional classification of pavements, and pavement surface type. Life-cycle cost is used to a 


lesser extent in treatment selection. 


Seven or 
More (11%) 





One-Two 
Five-Six (27%) 


(11%) 


Three-Four 
(51%) 


Figure A- 2.3 Number of Alternative Treatments per Project 


(for the USA and Canadian Highway Agencies) 


Analysis Period 


With the exception of agencies that select projects using the Pavement Condition Analysis 
Metlkod, the remaining agencies consider multiple years in their project and treatment selection 
process. The majority of these agencies use 3-5 years and 6-10 year analysis periods. Figure A- 


2.4 shows the distribution of analysis periods used by agencies in the USA and in Canada. 


Factors Influencing Project and Treatment Selection 

Regardless of the methods used in project and treatment selection, there are some factors that are 
common to all these methods that influence the process. These factors need to be considered 
when a system is evaluated and/or improved. NCHRP Synthesis 222° identifies nine such factors 
as: 


e Geographic boundaries and the balance of work between districts. 
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e Political influence or citizen requests. 

e Combination with other types of projects for program development. 
e Influence or bias of individual developing the program. 

e Geometric constraints. 

e In-house design capabilities. 

e Traffic operations and safety upgrading. 

e Locally available resources. 


e Policies and mandates. 


> 20 years 
(17%) 


1-20yarsn OE : 
(17%) 


1-2 years 
(17%) 







6-10 years 3-4 years 
(17%) (17%) 


Figure A- 2.4 Analysis Periods for Project and Treatment Selection 


(for the USA and Canadian Highway Agencies) 


A pavement management system must be aware of such factors so as to improve them or take 


them into consideration when developing strategies at program or project development levels. 


Diz NYSDOT PROJECT AND TREATMENT SELECTION PRACTICE 


Background and Historical Perspective 

Central to the NYSDOT project selection process is a model called Infrastructure Needs 
Assessment Model (INAM)?"*, According to Brunso 3’ INAM grew out of the Highway 
Condition Projection Model (HCPM) developed by David T. Hartgen and his staff at NYSDOT 


in the early 1980's. Within the next few years a bridge model, using similar concepts of repair 
work and performance, was developed in the Planning Division of the NYSDOT. A number of 
micro-computer models were tested to do the bookkeeping of repair Rie gice of costs, and of 
performance measures for highways, as well as bridges. The Planning Division finally decided 
to develop a single model that would incorporate the HCPM and the bridge model with most 
useful features of earlier models. A task force was appointed with representatives from the 
NYSDOT Planning and Research Bureau and the Data Services Bureau. Staff from the Main 
Office in Albany and from regional offices were interviewed to determine which features would 
be most useful to them. A consensus emerged to develop a model that would have the following 
minimum characteristics: 
1. User could predict pavement and bridge conditions for at least 20 years. 
2. User could select for analysis a highway or bridge subsystem by region, county, federal 
aid system. 
3. User could specify budget constraints. 
4. User could determine and/or specify locations where highway or bridge work would 
Occur. 
5. User could produce a 5-year program of highway and bridge projects. 
6. The model would be user-friendly. 


Project and Treatment Selection 


Geoffroy and Shufon* have presented an excellent account of the project and treatment selection 
procedures used by NYSDOT. It shows how the NYSDOT Main Office in Albany interacts with 
the eleven regions in coming up with five-year programs of highway maintenance, which include 
pavement maintenance, rehabilitation, and non-pavement maintenance work. The paper reports 
that more than a third of the 15,000 road miles of the state highway system were constructed 
during the Interstate 'build era’. Many of these facilities are now reaching the end of their service 
life. In January 1989 a comprehensive plan was released to provide a method for selecting 
actions that will achieve a set of strategic goals. The Main Office is responsible for developing 
policies, establishing goals, allocating funds to the regions and monitoring accomplishments. 


Funds are provided to the Main Office in two separate allocations: (a) operating funds which 


finance salaries, equipment, and some materials for pavement repair work that is done by 
NYSDOT forces, and (b) a capital allocation that funds work to be done through competitive bid 
contracts. Resources are allocated to the regions in a similar way. The day-to-day pavement 
maintenance activities are performed by highway maintenance personnel in 65 field offices called 
residences. Residence boundaries are generally the same as county lines. NYSDOT procedures 


to evaluate and select treatments are outlined in various manuals and feporise 


The Main Office, in coordination with regional offices, comes up with goals to be achieved in the 
form of desirable pavement conditions at network-level. Given the budget allocations and 
pavement goals, each regional office develops a comprehensive five-year program of pavement 
projects. The network pavement-survey data, collected annually, are used to measure the impact 
of program implementation on pavement condition which in turn provides a feedback for goals 


of subsequent years. 


Since 1981, NYSDOT has used a windshield survey methodology to assess pavement conditions. 
The method uses photographic scales that show the condition of pavements at various stages of 
deterioration. The outcome of this survey is a Pavement Surface Rating Score ranging from 1 to 
10 (10 being the best). In 1990 the survey method was enhanced. It now enables each highway 
section to be classified into one of five general treatment categories: 

Do-nothing, 

Preventive maintenance, 

Corrective maintenance, 

Rehabilitation, 

Major rehabilitation/Reconstruction. 
The photographic scales, one for each pavement type, were constructed so that each one of the 
scale points represents a pavement requiring one of the general treatments. Tables 2.1 and 2.2 


show the treatment types recommended for each condition-state and pavement type. 
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Table A-2.1 Network-Level Distress Treatment 


| Treatment ee oe 
Strategy Code] __Rigid ——|_Flexible_— [Overlay _| 


Do Nothing ____ 


Preventive 
Maintenance Reseal Joints Fill Cracks Fill Cracks 


Preventive 
Maintenance Reseal Joints Fill Cracks Fill Cracks 
& Patch & Patch & Patch 


Preventive 
Maintenance 14" Asphalt 1%" Asphalt 


Corrective Reseal Joints 
Maintenance Patch & Grind 


Corrective Mill, Patch, Mill, Patch, 
Maintenance 14" Asphalt 14" Asphalt 


4" Asphalt 
Rehabilitation 


Rehabilitation 


Rubblize, 6" Mill, Rubblize, 6" 
Major Asphalt Concrete Asphalt Concrete 
Rehabilitation or Reconstruct Reconstruct or Reconstruct 


Source: The NYSDOT Pavement Condition for New York’s Highways: 1994 \* 





The goal-setting process starts with the consideration of the NYSDOT mission, state 
transportation requirements, anticipated resource levels in support of each element of the system 
and the condition (existing and historical) of the transportation system. The goals are then 
released to the regions during the early fall for use in updating the 5-year Program. Typically, the 
pavement goal focuses on reducing the number of lane-miles of pavement rated poor (surface 


score = 5) and fair (surface score = 6) during the annual pavement condition survey. In 1991, the 
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regional goal statements were expanded to include a measure that ensures that priority is given to 


high traffic volume facilities. 


Table A-2.2 Surface Rating Scale 


Condition Distress 
Frequency 


Points | Rating 


Excellent None 


Excellent None 


Distress 
Severity 


None 


None 


Treatment 
Categories 
Assigned 


Do Nothing 


Do Nothing 


Good Infrequent Very slight Preventive Maintenance 


Good Infrequent to Slight Preventive Maintenance (High Cost) 
Occasional Preventive Maintenance (Paving) 


Preventive Maintenance (Paving) 
or Corrective Maintenance 
(High Cost) or Rehabilitation 


Occasional to Slight to 
Frequent Moderate 


Rehabilitation or 
Rehabilitation (High Cost) 


Occasional to Moderate to 
Frequent Severe 


Rehabilitation (High Cost) 
or Major Rehabilitation 


Frequent Severe 


Very Frequent Very Severe Major Rehabilitation 





Source: The NYSDOT Pavement Condition for New York’s Highways: 1994 * 


This, in a sense, takes user costs into consideration implicitly. As discussed in Section 2.1, many 
agencies do not consider user cost during network-level investment planning. Other factors 
influencing treatment selection include traffic volume and dominant distress as described by the 
1994 report on NYSDOT pavement conditions.'* Treatment selection process is done at another 


level of analysis besides INAM known as project-level life-cycle cost analysis. NYSDOT 
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Pavement Rehabilitation Manual, Volume II '° outlines the method used to select treatments. 
This process is based on the life-cycle cost of projects which means each selected treatment 


represents the most cost-effective way of preserving the pavement over its life time. 


The NYSDOT system leaves the responsibilities of project development, and of maintenance and 
rehabilitation programs to regional offices. Many factors go into the determination of candidate 
projects. These factors vary from safety consideration to factors such as corridors of statewide 
significance, economic development and citizen complaints. INAM is then used to assist each 
regional program committee in selecting projects that will best achieve the specified goals. 
INAM calculates the cost of a user-specified pavement program and predicts its impact on the 
network condition. The program that meets the goals and satisfies local considerations is 
presented to the Main Office for approval. In this way the system allows regional flexibility in 


selecting a program, as long as it satisfies statewide network goals. 


Central to INAM are the pavement performance prediction models. NYSDOT has network-level 
performance prediction models for different types of pavements. These models are regression 
equations of the form: 


PSR(y) = 10 - ay 


where: is a constant depending on pavement type and treatment 


y is the number of years since the pavement was in condition scale 10. 


These models are developed for each region. A report by this research team responding to Task- 


2 will discuss in detail these performance prediction models and will recommend improvements. 


2.3 SUMMARY 


Section 2 of this report presents the current state-of-practice in pavement management. It 
outlines several methods used by agencies in the USA and in Canada for project and treatment 
selection. The section then looks at current system used by NYSDOT. The system first selects 
treatments based on pavement condition, traffic and dominant distress before project formation 


and selection. Network goals and budgets are set independent of the projects and then INAM is 
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used to select projects. INAM is a network-level project selection model. Its main task is to do 
the bookkeeping of all repair work, deferred maintenance work, repair cost, average condition of 
infrastructure, etc., over the 5-year planning horizon. This method would fall under the Priority 


Assessment Models described in Section 1.2. It is not an optimization model. 


In Sections 3.0 and 4.0, we propose a “top down” approach to project selection and treatment 
selection process. The network-level analysis procedure employs optimization models to come 
up with optimal goals, repair strategies, and budget levels. This process involves simultaneous 


project and treatment selection such that the network goals are met. 


3 PROPOSED NETWORK-LEVEL PROCEDURE FOR NYSDOT 


This section proposes a network optimization procedure which can be used to set network goals, 
priorities, policies and budget requirements at state level and select projects and treatments at the 
regional level. The models are based on a Markov Decision Process (MDP).'° The method 
considers pavement performance over time as a stochastic process and determines long-term and 
short-term treatment policies as well as network priorities and optimal budget levels. Task-2 


Report '° discusses in detail the modeling of pavement performance as a Markov process. 


3.1 © PAVEMENT CATEGORIZATION 
Throughout this section a state will imply a pavement surface rating score for a highway 


pavement. Therefore, the set of states is identified as S = {s:s =1,2,3,....,10}. Other sets 
include: set A = {a:a =1,2,3,....,8}, defined as a set of all treatment (action) categories used by 
NYSDOT; a set of pavement categories I ={1;1=1,233,....,Pjgagagset (Gum regions 


R=(r:r =1,2,3,....,11}, and a set of traffic-volume categories T = {t:t = 1,2,3,....,T}. 


The following is an outline of factors that are used to describe repair policy variables which are 


used in the optimization models. The policy variables in the long-term model (Zena and the 
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short-term model bits) represent the total length (in lane-miles) of state highway pavements 


in specific pavement categories. Ztisq represent the long-term number of lane-miles carrying 


traffic volume category ¢, in region r, of pavement category i that will be in state s and treatment 


(action) a is applied. een are short-term variables that are defined, for every year (y) of the 


planning period (say, 5 years), in a similar manner as the long-term variable Zyicg. All 
pavement sections are categorized and aggregated in lane-miles of similar categories. The 
factors used to specify policy variables are: 
1. Region (11 regions in the NY state); 
Pavement type (flexible, overlaid, rigid); 
Expected traffic loading (high, low); 
Pavement strength (high, low); 
Pavement surface distress or condition (10 surface score levels); 


Traffic volume; 
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Treatment category. 


Categorization by Region 


Since NYSDOT regions have autonomy in defining and selecting projects, the long-run and 


short-run maintenance policies Os: and xu are specified by regions ( r ). These 


policy variables will specify what has to be achieved by each region in order to meet network 
goals. These region-specific policies can also be used as a rational way of allocating resources 


among regions. 
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Categorization by Pavement Type | 

Pavement deterioration rates and the type of treatment (a) to be applied on a pavement depend on 
the type of pavement. Pavement type refers to the pavement surface type (flexible, overlaid, and 
rigid). Task-2 Report of this research project shows how pavement performance differ among 
the different types of pavements. In this report it suffices to say that pavement type is an 


important factor in categorizing pavements. 


Categorization by Expected Traffic Loading 

Traffic loading refers to the number of the AASHTO “equivalent standard axle loads” (ESAL) 
applied daily. Since this information is not easy to get, we can use the daily traffic volume of 
heavy vehicles (mainly, volume of trucks) to categorize pavements. Task-2 Report shows that 
pavement deterioration differs among pavements with high and low heavy traffic volume. 


Therefore, truck traffic will be used in categorizing pavements. 


Categorization by Pavement Strength 


Pavements of a similar surface type (say flexible), will deteriorate differently if their thickness 
and the type and strength of underlying layers (base and/or sub-base) are different. Again, Task- 
2 Report demonstrates these differences. This factor is going to be used in categorizing 
pavements. The three factors: pavement type, traffic loading, and pavement strength, are the 
major factors in determining the performance of highway pavements. Consequently, a single 


letter i, is used to denote the 12 combinations of these three factors in the aggregation process 


and in the policies ( {y) and Zia): 


Categorization by Pavement Surface Distress or Condition 

The measure of pavement performance is surface distress expressed on a surface rating scale of | 
- 10, 10 being the best. The surface rating score of a pavement section is denoted as a “state (s)”. 
The transition of a pavement from one state to another constitutes its performance over time and 
is modeled as a stochastic (Markov) process. Task-2 Report gives a detailed description of these 


states and their progression over time in terms of transition probabilities. 
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Categorization by Traffic Volume 

It is important to categorize highway pavements in terms of their daily traffic volume (t) if user 
cost (vehicle operating cost) is going to be a factor in the formulation of long-term and short- 
term repair policies. It is proposed to categorize pavements in terms of 30 traffic volume 
categories in vpd/lane: from 0 - 1,000 to 29,001 - 30,000. It is also possible to use smaller 
intervals of say 500 vpd/lane and have 60 traffic volume categories. This will make the problems 


larger but they will still be solvable. 


Categorization by Treatment Types (Action) 

While the type of repair action (a) applied to a pavement is not a factor in categorizing 
pavements, it is central to both long-term and short-term policies and the project selection phase. 
The INAM User Manual (1994)° specifies 8 treatment categories per pavement type. These are: 

. Do Nothing, 


— 


. Preventive Maintenance, 
. Preventive Maintenance (high cost), 
. Corrective Maintenance, 
. Corrective Maintenance (high cost), 


. Rehabilitation, 


ND NN fF W WH 


. Rehabilitation (high cost), 
8. Major Rehabilitation / Reconstruction. 


Table 3.1 presents a description of these repair actions for each of the three pavement types. 


22 PAVEMENT PERFORMANCE PREDICTION 
Prediction of pavement performance is essential in a multi-year network optimization system. 


There are many methods of modeling pavement performance. These vary from regression 
models to neural network models to probabilistic models, like Markov or semi-Markov models. 
Depending on the decision support system used one method may be preferred to another. The 
proposed decision support system is based on the Markov Decision Process (MDP).’° This 


system uses transition probabilities to predict pavement performance over time. A transition 
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probability Pisqj¢ is the probability that a section of pavement category i currently in state s will 
change to state k in the next year if treatment a is applied now. In MDP these transition 
probabilities are assumed to be stable over time while in the semi-MDP the transition 
probabilities are allowed to change over the lifetime of specific pavements. We will use 
transition probabilities in the development of the proposed decision support system. The 
plausibility of the Markovian assumptions in modeling highway pavement performance is 
discussed in Task-2 Report. Task-2 Report will also survey the current practices in modeling and 
predicting pavement condition. Some of the recent survey results of pavement performance 


prediction can be seen in NCHRP Synthesis 203.'’ 


3.3 AGENCY COST 


Pavement maintenance and rehabilitation costs vary a lot among different agencies in the country 
and among different regions of an agency. A good PMS needs a reliable method of estimating 
agency repair (maintenance and capital) costs for various repair strategies. These estimates 
should relate repair costs to variables such as pavement type (e.g., rigid, overlaid, or flexible), 
pavement condition (distress or roughness level), and project location (region). This research 
team will evaluate NYSDOT’s capability to estimate agency cost and make recommendation for 
improvements in response to Task 4, as described in the introduction to this report. We stress 
the need for agency cost estimates to be related to pavement condition for optimal network-level 
strategies. An example of a study that relates agency cost to pavement condition was done for 
the U. S. Army Construction Research Laboratory (CERL) by Sharaf et al.'* The results of this 


study are summarized below. 


U.S. Army CERL Agency Costs 


Sharaf et al.'* compiled cost data for flexible and overlay pavements under the management of 
the U. S. Army Construction Engineering Research Laboratory (CERL). They categorized 
agency cost into “repair” (capital) cost (which is the initial cost of Tits a major rehabilitation 
work on pavement surface) and routine maintenance cost. Capital cost was further categorized 


into fixed and variable costs. Fixed capital cost is the cost of applying a particular repair 
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technique on an already prepared surface. This cost depends only on the type of repair work. 
Variable cost, on the other hand, is the surface preparation cost. This is the cost of preparing a 
damaged pavement surface so that it is ready for any repair action. Variable repair cost depends 
on pavement surface condition only - the better the surface condition, the less the variable capital 
cost. The work by Sharaf et al. was published in 1987, which makes the cost estimates rather 
outdated. However, the purpose of reviewing this work is to get an idea of how to present 
agency cost as it varies with pavement condition. The types of treatment categories whose data 
are reported in Sharaf's paper include: 

- Routine or preventive maintenance 

- Corrective maintenance (Surface treatment) 

- Rehabilitation (Thin overlay) 

- Rehabilitation - high cost (Thick overlay) 


- Major Rehabilitation or Reconstruction. 


In their paper, Sharaf et al.'* used the CERL’s Pavement Condition Index (PCI) scale to 
represent pavement condition. In this scale “100” represent an excellent (as new) pavement 
while “0” means very poor surface condition. This scale is similar to the NYSDOT surface 
condition rating in that they both measure pavement distress. The CERL repair costs reported by 
Sharaf et al.'® are summarized in Tables 3.2, 3.3, and 3.4. Total repair (capital) cost is the sum 


of fixed and variable costs. Table 6.5 presents a summary of these costs. 


Table A-3.2 Fixed Repair (Capital) Costs (Dollars/square yard or $/sy) 


Corrective ; Rehabilitation ‘Rehab.(high cost) 
Activities maintenance : (Thin overlay) } (Thick overlay) ! Reconstruction 


Adapted form Sharaf et al." 





A-23 


Table A-3.3 Variable Repair (Capital Cost ($/sy) 


PCI range 


Adapted from Sharaf et al.’* 













0 - 20 21 - 40 41 - 60 61 - 80 













18.50 8.50 5.20 


Table A-3.4 CERL Average Agency Costs for Asphalt and Overlaid Pavements (1987 $/sq.yd. 


Preventive Maintenance 


Corrective maintenance 


Rehabilitation 


Reconstruction 





Adapted from Sharaf et al."* 


NYSDOT Agency Cost 

We will use NYSDOT’s agency cost estimates in the network-level (program) analysis 
procedure. This means we need to develop reliable estimates of agency costs for various 
treatment strategies, pavement conditions, pavement types, and regions. Thus, the agency or 
repair cost, (referred to as AC,jsgin the models in Sections 3.5 and 3.6) will have to be 
categorized by region r, pavement type i, pavement condition s, and treatment type a. This task 
of estimating agency cost will be accomplished in response to Task 4 of the Scope of Services as 
described in the introduction of this report. Table 3.5 shows an example of the average contract 
costs for the treatments listed in Table 3.1. These costs were compiled by Geoffroy and Shufon? 


from NYSDOT's Bid Analysis Management System. 
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3.4 USER COST 
At network (program) analysis level we believe that a PMS ought to set its highway maintenance 


and rehabilitation strategies taking into consideration total cost to the system. This total cost 
includes user costs as well as agency costs. Any treatment done on a highway pavement has a 
direct consequence on user cost which may include vehicle operating cost, vehicle owning cost, 
and delays. The agency cost, on the other hand, constitutes a very small percentage of the user 
cost. The Organization for Economic Co-operation and Development (OECD)! reports that 


road maintenance cost constitutes only 2% of the total vehicle operating cost in the U. S. 


Table A-3.5 Statewide Cost Estimates for Total Contract Cost (in $ '000 per lane-mile) 


Lane Configuration* 
Treatment Strategy nD) 1A 6D) | 2-Ue| sO 
15 18 15 20 21 


Reseal Joints 

Reseal Joints, Patch spalls 
Reseal Joints, Patch spalls, Grind 
4" ACC Overlay, 3" Shoulders 
5" ACC Overlay, 3" Shoulders 


9" PCCP Reconstruction 


Fill Cracks 

Fill Cracks, Patch pavement 

1%" ACC armor coat & shoulders 
14%" Overlay, Shidrs, Milling 


2¥2" Overlay and Shoulders 


4" Overlay and 3" Shoulders 


Rubblize, 6" Overlay, 3" Shoulders 


10'’%2" ACCP Reconstruction 





* D and U denote divided and undivided highways, respectively. 
Adapted form Geoffroy and Shufon* 
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However, a slight change in maintenance or rehabilitation expenditure (due to changes in 
program strategies) can have disproportionately large changes in user costs. We, therefore, 
recommend that user costs be directly incorporated in the program analysis stage in order to 
come up with optimal network-level strategies. In responding to Task 5 of this project, the 
research team will evaluate the Department’s capability to estimate user cost. In Task 5, we will 
also calibrate user cost models for New York State highways based on the World Bank’s Vehicle 
Operating Cost Models” and recommendation their use to NYSDOT. An example of the use of 
World Bank user cost models in PMS is reported by Bein” for the Saskatchewan Pavement 


Maintenance Information System. 


For the models presented in Sections 3.5 and 3.6, user cost (UCyj5) is specified by traffic 
volume category t, NYSDOT region r, pavement type 7, and pavement surface condition (state) s. 
The region factor, r, is included because terrain may change from region to region and this may 


influence vehicle operating cost. 


3.5 LONG-TERM NETWORK GOALS AND REPAIR POLICIES 
The proposed decision support system represents a top-down approach to pavement management. 
The system consists of three phases namely: 

e Phase 1: Long-term network-level goals and repair policies (Section 3.5). 

e Phase 2: Short-term network-level repair policies (Section 3.6). 

e Phase 3: Short-term project selection process (Section 3.7). 
In phase 1, long-term strategies are determined for the entire state highway system. These are 
sustainable steady-state policies that if followed will maintain pavement conditions at an optimal 
level given the specified resources. This phase can also be used to determine network-level 
decision factors such as optimal budget levels; optimal network condition; and, given a budget 


allocation, consequences of reduced budget on network condition as well as user cost. 


The long-term model is presented in equations 3.1 to 3.7. The objective is to minimize the sum 
of agency and user costs, subject to a number of constraints. Constraints may include resources 


(budget), requirements on desirable minimum or maximum network pavement conditions, etc. 
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The problem is formulated as a Markov decision process (MDP) and solved as a linear program. 


Long-term policies are given by the optimal solution to the long-term problem, Zee (optimal 
solution to equations 3.1 through 3.7). The policies specify that in the long-run, Z lane-miles of 
pavements category /, in region r that carry traffic volume category t are expected to be in state s, 
and will be treated by repair type a. These long-term policies are further used as goals or 


constraints to be met in phases 2 and 3. 


Long-Term Model 


Minimize, >>). Ds Zaicas| ACHer + UGaeRcak |) eee 3.1 
Cer dees. a: k 

Subject to: 

Conservation of highway network size 

Soy hp ae WUE (aS aii RR Sata cine ets ios 3.2 
[o> Sa 

Dynamic changes in pavement conditions (Markov process) 

LZ ics ae ae epee ye VOR re eee eo See 3.3 
a sa 


Annual (long-term) total budget allocation 


DUD DP OZ aisa A Gres SNES adage 2 eR ie ord os of FE Rete a ae ae 3.4 


LS 
Network condition specifications (optional) 


yay >) >) Livieais Os ifsis unacceptable eee ene 3.5 
SOR cers sh a 


SY Ss y SY Lirica nie if s is unacceptable es j dist, eee, See 3.6 
C2 Te Lee 
Non-negativity 


Ztrisa 2 O V Lal Up oat SF viclvig baltitilne’s bce sie Painted Bere 3 it 


where: 
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Ztrisa = Long-term number of lane-miles of pavement category i and traffic 


category ¢ in region r that are in state s and get treatment a. 


Zier = number of lane-miles of pavement in region r, carrying traffic category t. 

ACrisa = agency cost in region r of applying treatment a on one lane-mile of 
pavement category / that is in state s. 

UCys = user (vehicle operating) cost per lane-mile on a pavement of category i 
and traffic category ¢ that is in state s. 

Psqk = probability that a pavement of category i will change from state s to state 
k in one year if treatment a is applied. 

Os = minimum number of lane-miles in unacceptable state s. 

Os = maximum proportion of roads in acceptable state s. 


SHORT-TERM REPAIR POLICIES 


The short-term model determines annual repair policies (strategies) over a period of, say, 5-years 
such that at the end of this period pavement conditions at the network-level will have reached or 
be near the optimal long-term conditions at which point the long-term policies can be carried out. 
As is the case in the long-term model, the objective in the short-term model is to minimizes 


agency and user-cost. The model determines annual repair strategies such that in the last year of 


this period, short-term policies are as close as possible to the long-term policies. 


Equations 3.8 to 3.16 present the short-term model. The results of this model are annual policies 


cx) that specify by volume category ¢ region r, the number of lane-miles of pavement 


category / that will be in state s and will get treatment type a in year y. 


Short-Term Model 


Minimize © YY YY x ACrisa + EUCra ck cadet 3.8 
eet k 


RE eye ie ¥) 


A-28 


Subject to: 
Initial year network size by region and traffic Babes ory 


DLE Xeisa = Xe sar el Stig Ye 6a gene Ne eels tee 3.9 
i 


Annual changes in pavement conditions (Markov process) 
pe arecney XD Xrisa P Pee VRE Kk ee ee 3.10 


Consistency of short-term and long-term policies in year T 


LL Xvisa aig Fi (yr eo ty tego s wae Vullidedong, * | Seale Beer 1f 
TEx, BiZie fer) vy gies 0 ieee tele 
Total annual budget 


LL VZY XirisaACrisa <BuG+ By a ant 3.13 
LLL D Xeris XteaACrisa = BY(1- 8) ee 


Total budget constraint over the short-term planning horizon 


LUAU UXeis Xe ACen Ss RUE) a: 0. ia ai are 3.15 


Rie Ses 


Non-negativity 


Kg we a0 OE ae nS 
where: 
xly) 
tisa = number of lane-miles in region r which are in pavement category /, 
volume category ¢, and state s getting treatment a in year y. 
xty) y) 


= number of lane-miles in region r which are in pavement category i, 


volume category f¢, and state s in year y. 
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Ed 


Zisa = optimal long-term number of lane-miles in the state which are in 


pavement category / and state s that will get treatment a, (from Long- 


term model = Zicg = ye pa Ltrisa J: 
t 


és 

Z 1 = long-term number of lane-miles of pavement category i and traffic 
category ¢ that are in state s and get treatment a. 

ACrisq = agency cost in region r of applying treatment a on one lane-mile of 


pavement category / that is in state s. 


UCys = user (vehicle operating) cost per lane-mile on a pavement of category i 
and traffic category ¢ that is in state s. 


Psqk = probability that a pavement category i will change from state s to state k 


in one year if treatment a is applied. 


fs = short-term planning horizon. 

B’ = annual budget constrain (state level). 

B = total budget constrain over the planning period (T years). 

b | = proportion of annual budget variation. 

e = proportion of total budget for the planning period that can be exceeded. 
z = proportion of long-term repair policies that can differ from the short- 


term policies in year T. 


The long-term and short-term policies are specified in terms of lane-miles. While these are 
useful network-level policies, we need to be able to translate these policies into annual project 


and treatment selection. This process is explained in phase 3 described in Section 3.7. 


Sat ANNUAL PROJECT AND TREATMENT SELECTION 


Phase 3 of this network-level analysis determines how the short-term policies can be used to 
select projects. To do this we need to identify pavement repair projects. The process of project 
identification is best done by regions instead of being done centrally at the State level. A project 


is a stretch of highway that the region repairs as a unit. These projects can be as small as the 


smallest management units. However, it is desirable that projects are formed, such that repair 


work on each project can be accomplished in one repair season. 


Having identified projects, phase 3 simulates the regional short-term policies and resource 
constraints on the projects over the planning horizon. The outcome of this simulation are the 
most probable annual repair actions on these individual projects in the form of, say, a 5-year 


maintenance and rehabilitation program. 


Policy Simulation 
( xy) 
The output of phase 2 (see Section 3.6) are short-term annual repair policies \“~fisa/} and the 


annual budget allocations for the region | B ve * Stam In the first year, 
all projects are listed by lane-miles, average pavement category, average pavement condition, 
average traffic volume, dominant distress, etc. The projects are then ranked by category, 
condition, volume and dominant distress. Repair actions are then applied according to the 
specified policies such that the first-year budget is not exceeded. The most probable conditions 
of these project for the following year are determined by simulating the Markov process (using 
the transition probabilities). The process is then repeated for subsequent years for the entire 
planning horizon. The expenditure recommended by this simulation should closely match the 


budget since the short-term repair policies are optimal for the given budget levels. 


3.7 | SHORT-TERM AND LONG-TERM PROBLEM SIZES AND SOLUTIONS 

Both the short-term and the long-term models are formulated as linear programs. Due to the way 
the decision variables are specified, both of these are large-scale problems.” The long-term 
model that is specified in equations 3.1 - 3.7 has a total of 316,800 decision variables and about 
40,000 constraints. The short-term model that is specified in equations 3.8 - 3.16 has a total of 
1,584,000 variables and 136,800 constraints. It is almost impossible to try to solve these 
problems directly, given their sizes. Fortunately, we can take advantage of the structure of these 


problems and decompose them to smaller solvable problem. 
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Both problems have constraints that are arranged as shown in Figure A- 3.1. In this figure, the 
small blocks will be called “easy” constraints, and the last long block will be called 
“complicating” constraints. In the long-term model, equations 3.2 and 3.3 represent “easy” 
constraints, (one block for each traffic volume ¢ and region r combination) while equations 3.4 - 
3.6 represent “complicating” constraints. Similar to the long-term model, equations 3.9-3.10 
represent “easy” constraints, while equations 3.11 - 3.15 are “complicating” in the short-term 


model. 


If we relax the problem by ignoring the “complicating” constraints, then each one of the easy 
equations becomes an independent problems due to the block angular structure. This means the 
solution to the long-term model can be obtained by solving 330 (t+r =30«11) independent 
problems with 960 variables (i*s*a =12*10*8 = 960) and 120 constraints. The solutions to the 
330 problems are treated as initial proposals which are improved by taking into consideration the 
complicating constraints using a decomposition routine until the optimal solution is reached. 
_ The short-term model can be solved in a similar way. The easy sub-problems will have 4800 


variables and about 600 constraints. 





Figure A- 3.1 Structure of long-term and short-term model constraints. 


A-32 


4. PROPOSED PROJECT-LEVEL ANALYSIS PROCEDURES FOR 
NYSDOT 

If the proposed system is to be a “top down” procedure, we need project-level analysis to address 

the following problem: Given that a project is to be repaired using a particular treatment 

category - say, rehabilitation, - what is the most cost-effective rehabilitation method to 

implement? This means project-level analysis will be implementing network-level strategies. 

Our detailed recommendations for project-level analysis will be presented in a separate 


forthcoming report. 


5. CONCLUSIONS 


In this report, we have presented results of a survey of project and treatment selection techniques 
that are used by agencies in the U. S. and in Canada. The survey results show that currently 
NYSDOT program analysis procedure (which can be categorized as a priority assessment 
method) is better than the (pavement condition analysis) method used by most agencies (47%). 
These methods are explained in Section 2.1. However, the research team is proposing a top- 
down program analysis method that will employ optimization techniques. The results of the 
proposed program analysis procedure are: 

e Long-term (steady-state) maintenance and rehabilitation policies (strategies) 

e Short-term (5-10 years) maintenance and rehabilitation strategies 


e Annual maintenance and rehabilitation program for the short-term. 


These optimal policies or strategies will take into consideration the minimization of agency and 
user costs, and the preservation of agency-specified requirements. The models can either be used 
to determine optimal budget levels and their subsequent treatment strategies, or they can be used 
to determine optimal treatment strategies and the consequent network condition, given a budget 
restriction. The models proposed in this report will be fairly flexible. This means that the 
Department may, from time to time, decide to change their objective functions or constraints to 


suit the kind of what-if analysis that may be of interest then. We hope the recommended 
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procedures address the Department’s requirements and that they are in line with the scope of 


services for this project. 
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Action - An application of a treatment category to a section of highway pavement. 


Agency Costs - The cost of owning a highway system. This includes cost of repairing 
pavements and roadside items; cost of providing safety, mobility, and capacity; cost of 
repairing bridges; and overheads. 


Alternatives - The various choices of treatments available for repairing a pavement 
deficiency or problem. 


Analysis Period - Time period for which an economic analysis is done. 


Asphalt Cement Concrete - A stiff mixture of asphalt cement and aggregates used to make 
pavements for highways, airfields, play courts, etc. 


Asphalt Cement Concrete Pavement - Highway pavements made from asphalt cement 
concrete. 


Asphalt Cements - These a bituminous material (binders) derived from the distillation of 
petroleum products, lake asphalt or rock asphalt. It is as a binder in the making of asphalt 
pavements. 


Benefit/Cost (B/C) Analysis - An analysis method where economic benefits of a solution 
are related to the costs incurred in providing the solution. 


Bottom-Up Methods - A planning method where the best that can be done to individual 
projects are considered first before determining what is the best for the entire network given 
resource limitations. 


. Corrective Maintenance - Treatment correcting existing deficiency, upgrading the 


roadway surface for up to 8 years or until more extensive treatments are needed. 


Cost-Effectiveness - A situation where the benefits exceed the costs for a given treatment, 
strategy or improvement, (i.e., B/C-ration > 1). | 


Decomposition - An optimization routine whereby a_ large-scale mathematical 
programming problem is broken down into smaller(solvable) problems whose combined 
solutions lead to the optimal solution of the larger problem. 


Distress Frequency - The rate at which a particular pavement-surface-distress feature 
(e.g., cracking) occurs. 


Distress Severity - The extent to which surface distress feature manifests itself. 
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22. 


23. 
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27. 


Dominant Distress - A specific distress symptom which will trigger a treatment strategy 
different from the treatment recommended by the surface rating alone. 


Equivalent Standard Axle Load (ESAL) - The AASHTO system of equating the damaging 
effects of a vehicle axle load to that of a standard (18,000 Ib. single or 34.000 Ib. tandem) 
axle. 


Flexible Pavements - These are pavements made of asphalt cement concrete (full depth 
asphalt). 


Infrastructure Needs Assessment Model (INAM) - A network-level project and treatment 
selection model used by NYSDOT. 


International Roughness Index (IRI) - An index resulting from a mathematical simulation 
of vehicular response to a longitudinal profile of a traveled surface using the quarter-car 
simulation model and a travel speed of 50 miles per hour (80 km per hour). Units are in 
inches per mile or meters per kilometer. 


Life-Cycle Costing - An economic assessment of an item, area, system. Or facility and 
competing design alternatives considering all significant costs of ownership over the 
economic life, expressed in terms of equivalent monetary units (e.g., dollars). 


Major Rehabilitation - Major rehabilitation or pavement reconstruction is a treatment to 
be considered when the condition of the existing pavement is such that it can no longer 
serve a useful purpose. When design constraints or life-cycle cost analysis preclude 
rehabilitation then reconstruction solution is used. 


Markov Decision Process - A probabilistic decision support process that assumes that the 
process driving the system (e.g., pavement performance) can be modeled as a Markov chain 
(or a random walk). 


Network Optimization Method - This is a “top-down” network analysis method whereby 
network strategies are optimized first followed by individual project solutions. 


Network-Level - The level at which key administrative decisions that affect programs for 
road networks or systems are made. Sometimes referred to as the program level. 


Network-Level Analysis - Evaluation of pavement to enable the selection of candidate 
projects, project scheduling, and budget estimates. 


Optimization Model - A mathematical description or algorithm designed to compare 
alternative strategies and to identify the relative merits of each strategy according to 
assigned decision criterion, such as cost minimization, benefit maximization, etc. 


Optimum Strategy - The strategy among the alternatives considered that is expected to 
maximize the realization of management goals, subject to the imposed constraints. 
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Overlaid Pavements -- These are rigid pavements overlaid by asphalt cement concrete 
layer(s). 


Pavement Condition - A qualitative representation of distress in pavement at a given point 
in time. 


Pavement Distress - The physical manifestation of defects in a pavement. 


Pavement Maintenance - All routine actions, both responsive and preventive, which are 
taken by a highway agency or other parties to preserve the pavement structure, including 
Joints, drainage, surface, and shoulders, as necessary for its safe and efficient utilization. 


Pavement Management System -A set of tools or methods that assist decision-makers in 
finding cost-effective strategies for providing, evaluating and maintaining pavements in a 
serviceable condition. 


Pavement Performance - Ability of a pavement to fulfill its purpose over time. 


Pavement Performance Prediction Model - A mathematical description of the expected 
values that a pavement attribute will take during a specified analysis period. 


Pavement Strength - This is a measure of pavement bearing capacity often given by the 
number of repetitions of ESALs to failure. 


Pavement Structural Capacity - The maximum accumulated traffic loads that a pavement 
can withstand without incurring unacceptable distress 


Pavement Surface Rating Scale - The surface rating scale measures surface condition by 
scores from 10 (excellent) to I (very poor) based on the prevalence of surface related 
pavement distresses (e.g., cracking). 


Performance Prediction Model -Models that can forecast pavement condition over time. 


Policy Simulations - These simulations apply repair policies to pavement sections (or 
projects) annually, following performance prediction models. 


Portland Cement Concrete - A mixture of Portland (normal building construction) cement 
and aggregates used to make pavements for highways, airfields, play courts, etc. 


Portland Cement Concrete Pavement - Highway pavements made from Portland cement 
concrete. 


Preventive Maintenance - Treatment undertaken in advance of a critical need or of 
accumulated deterioration to avoid such occurrences and reduce or arrest the rate of 
deterioration, thus allowing roadway surfaces to achieve their desired service life. 


Project - A pavement section designated to receive a uniform treatment category. 
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45. 
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47. 


48. 
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50. 
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Project-Level - The level at which technical management decisions are made for specific 
projects or pavement segments. 


Project-Level Analysis - Evaluation of pavement to select the type and the timing of 
rehabilitation or maintenance. 


Quarter-Car Simulation - A method of analyzing pavement profile data based on the one 
wheel-assembly (hence, quarter-car) model. The parameters of a quarter-car include the 
sprung mass of a vehicle body; the suspension spring and damper (shock absorber) 
constants; the unsprung mass of the suspension, tire, and wheel; and the spring constant of 
the tire. 


Reconstruction - Construction of the equivalent of a new pavement structure which usually 
involves complete removal and placement of the existing pavement structure including new 
and/or recycled materials. 


Rehabilitation - Resurfacing, restoration, and rehabilitation work undertaken to restore 
serviceability and to extend the service life of an existing facility. This may include partial 
recycling of the existing pavement, placement of an additional surface material or other 
work necessary to return an existing pavement, including shoulders, to a condition of 
structural of functional adequacy. 


Repair - Includes all treatment categories. 


Repair Policies - These a strategies that will specify an optimal treatment category, given 
pavement condition, type, strength, traffic volume, etc. 


Rigid Pavements - These are pavements made of Portland cement concrete. 


Rubblize - A process of breaking down rigid pavements into a rubble and compacting it to 
form a base ready for asphalt concrete overlay. 


Strategy - A plan or method for dealing with all aspects of a particular problem. For 
example, a rehabilitation strategy is a plan for maintaining a pavement in a serviceable 
condition for a specified time period or it could be a set of maintenance rehabilitation or 
reconstruction actions selected to preserve the entire network at specified levels of 
performance. 


Sustainable Management Policies - These are pavement repair strategies that, if followed, 
will sustain the network at the specified condition and budget. 


The Department -This term refers to the New York State Department of Transportation. 


Top-Down Method - A planning method where the best that can be done for the entire 
system is considered first, which in turn determines what needs to be done to individual 
projects, given resource limitations. 


A-41 


Bi, 


58. 


oo: 


60. 


Transition Probability - The probability of a pavement section to change from its current 
condition to another condition in one year. 


Treatment Categories - General categorization of pavement treatments. These include do- 
nothing, preventive maintenance, corrective maintenance, rehabilitation, and major 
rehabilitation. Each treatment category comprises different alternative treatments 
depending on pavement type, surface condition rating, dominant distress, and traffic 
volume. 


Treatments - Materials and methods used to correct a deficiency in a pavement surface. 


User Costs - Those costs that are accumulated by the user of a facility. In a life-cycle cost 
analysis these could be in the form of delay costs or change in vehicle operating costs. 
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Acronyms 


AASHTO 
ACC 
ACCP 
CERL 
CUNY 
ESAL 
FHWA 
GOCP 
HCPM 
INAM 
IRI 

LCC 
MDP 
NCHRP 
NYSDOT 
PCC 
PCCP 
PMS 

vpd 


American Association of State and Transportation Officials 


Asphalt Cement Concrete 


Asphalt Cement Concrete Pavement 


Construction Engineering Research Laboratory (United States Army) 


City University of New York 

Equivalent Standard Axle Load 

Federal Highway Administration 
Goal-Oriented Capital Program 

Highway Condition Project Model 
Infrastructure Needs Assessment Model 
International Roughness Index 

Life-Cycle Cost 

Markov Decision Process 

National Cooperative Highway Research Program 
New York State Department of Transportation 
Portland Cement Concrete 

Portland Cement Concrete Pavement 
Pavement Management System 


Vehicles per day 
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PART B 
B. Evaluation and Recommendations on NYSDOT Pavement Life Predictive 


Models 
TABLE OF CONTENTS 
VO ADOTHI EA UE CCF DL asf teria tbeatbnpear alc syste epee ae Walp ally nero Mei) ieethrema beeline Del edie B-3 
1.1 ROLE OF PAVEMENT PERFORMANCE PREDICTION IN PAVEMENT MANAGEMENT ...0.....ccecc0ceceeeeeeeeeees B-3 
Meer UMN Ry. OF THE CONTENTS OBTHIS, REPORT .cc.ccsccncsccavcossicscarcsnaccgacccncarecaneh Orde teed BEGGIN Retvsacees B-4 
CAP ee Vie Pe ReOR IVAN CEM OD EIN Gites, see tet tere reeks, caren cee a eee ic assectees B-4 
CAEP E EE I: Leo 36 ae ase RPE ORE EEE CLP es nye ek OMNES eS NSS CRORE RPO oy eT YTS AT: B-4 
2.2 SURVEY OF PAVEMENT PERFORMANCE DATA AND DATA COLLECTION METHODS .............ecece000- B-5 
[ee a ieee als Mame bi EE gk ie nm ie bs 4th eA ok BA oO P| a ee Oe ee B-5 
ORT SY acres foi -aue nes incns Ahose ape ee eek! Phin xhiony dish sonny td. tee choriten |. coed! B-6 
See re EEP TAU. CAPICIONEY ssa ce ssp te seh os snc Siesta rh eee Meas n ne od ots cu kavenitay laces e¥isaniduie orkid fe glanhatiguahecabiaroavsaieses B-7 
TO ae 8S op ae Ste ee EPO ee ae A ob Mee ea Eee: ee oe OS UL Va a B-7 
eee PPOCMANGROP IN YoLXO Dy PAVEMENT coy etic ee tsekc htc s scan Gasaechiass cos cey cach tesue asd etadaesannie cases B-8 
Mee EERIE Seen or ont cane sannesessensscate uesrs sees sisaq tess fo daeseichegencyiesasaesdceniesddssnnes tse sa¢ieieoveasaae=ocs Boe 
3. STOCHASTIC MODELING OF PAVEMENT PERFORMANCE.|...............scccsssccssssesessstecseserecessees B-10 
Ohi sy EMi MEEREORMANCE MODEES 80.2000. RAO Pe Dea Sa... B-10 
[STEGER 1 ESS old See ale lar IMG i a AU ae ee oer B-10 
Bere INTEC AVILES arte acctn ast. enccsnanen seete scr raea tus etc teeuicic lan rerhsaevaescdainraatesancicoccetsscnacsesens B-10 
eI BRACE POR MANC TIVIQ DBE Siy 5. sasrsiiscesace csersvnsasad votes swe sunsry sits tovadeyaspaphossAishosciiscscvsveuscesncs¥nes B-10 
SLUR The PT POC GUS VR RA eG SEC ied 76 dhe? She. o net cee ee ee re B-I1 
CSET Ete) Pita PLEIN Gc) pen ca A Roce ler eis a AS SO a BEE UR ei ae Ee B-1] 
OU silo ROUABILATY ESTIMATION MODE oon oot eah oak As coe cass pausadoi<denanns shames dloprnees B-12 
Lovee LoS b as ARG SPIEL GEER FELL CSG CT NOOR SNP ARDEE SEAS ie a STOR 5 Da FP Ne Rl AOI en Re B-14 
4. ESTIMATION OF DISTRESS PERFORMANCE MODELS FOR NYSDOT PAVEMENT ......... B-15 
BIGENEE ice Ree SO AIO. ORAS Ihe AR ely perarmenee JS PoeS. Ae B-15 
OES UMMA Omi DINO teLIGHWAY. NETWORK 6. uio is ssphcssc athe dcndns -scassedpts cong ulate Ssngasastheenees +Acrewigdewst B-16 
Bar ED eee eI a WMO eters totes cae ios sasanhacs-ctedanoats tess dennseestbne cverssssmsebepsheonsveseasonshencsseesseGiesr B-19 
eutal Ine Daa Naa tOLONGM., omeaeat. .. Pie, be ities). Gisiness. AIRES. CL, Da B-19 
Se aeRO ae Em Fee aaa ee niita oss kas gseonsa?svaecenss*schrves sivaaage inet cyiabasn j-uavbaesintnsspenstgn B-20 
RS EV ETE TINIE OE) 1 nemee renee tier tects ik decade ns senacsaed fn ssssdnanestaoneut in inscectxesensssseontbnchasssesssees B-22 
ed erat ee a ee eg ee a a ak ane cas Soka oexmsavncghnict wage bpaatemenepyrsoionmtannals B-23 
ETT EOE eer eet ne OEP ac es ined vnws ipods Ses dues vapdontaelauassdésaboenssesoe never’ B-24 
ANDAR MRIs le TRESS LVICIEN, EREe SUID Te b et cs setae etktt tise casa cctihc.e-csccssncoccnscscasesrcasanccceseseticcassnusress B-24 
ee ine IIE OL SOre ate ce IOVIE LEI TO LIPUATLE Ee 2 op an sac oe cdo aapa ane qanpngynsnucentsianasyeeassienn-avanneaeseens B-26 
Bee TOC? Ol i Ay EIEN SE AE CTT OI IIIMCE sana casscisncesvseexsaiatagnoinsasersessveneusasednsessasessenssugesdaasez> B-32 
4.4.3 Effect of Pavement Strength on Performance .............s.eosrseseserscsersserecsesseessstsescerersnsssensneeseess B-35 
4.4 Fiect OF 1rAiic LOOGING OF PAVEMENT PerpOrINGHee x00 assc.s.ssisiecesccasisnsonscescsdesvceseascensansencons B-43 
4.4.5 Effect of Treatment Type on Paverment PerfOrmancee ........csccsccsssescessseseessessseeseescescenseeeeceaeens B-47 
Sr crea IMRT ee ce ae ares ra cree eal sae ears ate cath as a cchiaa soa nn oes Sena eopdenan eprpsneneannavnenem B-53 
eRe er eee eee RV a eee eos kaa canes nection xaeanderaupaconsavens iyo coenanancsemmnavanssgadaasiades B-55 


APPENDIX B: TYPE OF DISTRESS DATA AND DATA COLLECTION PRACTICEG................. B-58 
APPENDIX C: TYPE OF ROUGHNESS DATA AND DATA COLLECTION PRACTICES ............. B-61 
APPENDIX D: TYPE OF STRUCTURAL CAPACITY DATA AND DATA COLLECTION 
PRACTICES ic itissesiceessssstaesonhachapeaphaeansst IP tees scala gat NIN Obese release, en oe B-63 
APPENDIX E: TYPE OF FRICTION DATA AND DATA COLLECTION PRACTICES .......sssse000+- B-65 
APPENDIX F-1: REGIONAL DISTRESS TRANSITION PROBABILITIES (FLEXIBLE 
PAVEMENTS) .o.csnspsrsssesiosossunoscssssossaadavevoudvaven seston trtsttctats autevtdesick inn ce Seek ck rN ke seen ese ccs B-67 
APPENDIX F-2: REGIONAL DISTRESS TRANSITION PROBABILITIES (OVERLAID 

PAVEMENTS ) iiss. ccodennctonsnsseavactivad doadies sbucwade.bleastsipaslostd saben taoemectunennnsttna\ che itc oct a eae mR ga ae B-94 
APPENDIX F-3: REGIONAL DISTRESS TRANSITION PROBABILITIES (RIGID PAVEMENTS)....... B-126 


1. INTRODUCTION 

1.1 ROLE OF PAVEMENT PERFORMANCE PREDICTION IN PAVEMENT MANAGEMENT 

The role of pavement management and pavement management systems (PMSs) has been defined 
in the literature, and was repeated in Part A of this Report. However, as Baladi and Fult’ point 
out, “...none of these definitions ... address ... main purpose of a PMS, which is to provide its 
users with opportunities to learn from their successes and failures.” The PMS process is a 
continuing education process whereby users continue to calibrate and sharpen their tools to 
improve efficiency and productivity. In this context, PMS issues, such as implementation, data 


collection, pavement performance models, and decisions become learning issues. 


A major PMS learning tool is the frequent evaluation of pavement conditions. The evaluation of 
a pavement section may involve the appraisal of its functional, safety, and structural conditions. 
Historical pavement condition data typically are used to assess pavement performance over time. 
However, the term “pavement performance” usually is defined as how well a pavement section 
serves the user over time. This definition has led some engineers and highway agencies to use 
pavement ride quality as the only or as the major attribute of pavement performance. Other 
engineers and hizhway agencies believe that pavement performance should include pavement 


distress, structural capacity, and safety. 


The performance of a pavement section over time can be divided into three levels: functional, 
structural, and safety. For example, the ride quality (functional performance) of a smooth but 
polished aggregate road can be superior, whereas its safety performance is poor. Likewise, a 
newly constructed pavement can have a poor ride quality (high roughness), whereas its structural 
capacity is very sound. In general, the structural distress (structural capacity) of pavement 
section also will affect its functional and safety performance. But a functional or safety distress 
may not affect the structural capacity of a pavement. Hence, pavement performance models that 


are based mainly on ride quality may have limited application.’ 


On another scale, the type of pavement performance data collected and the extent (level of detail) 
to which the data are collected depend on the decision level of the PMS. Project-level PMS 


requires detailed structural, functional, and safety data to be able to make the necessary designs 
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and recommend appropriate construction strategies. However, in a network-level PMS less 
detailed data of pavement structural performance (e.g., index of surface distress) and functional 
performance can be used to come up with broad network strategies and resource requirements 
that are appropriate at this level of pavement management. Therefore, pavement performance 
models will differ, depending on the level of PMS for which they are intended. In this report we 
will be interested in pavement performance and pavement performance predictions for a 


network-level PMS. 


1.2 SUMMARY OF THE CONTENTS OF THIS REPORT 

Section 2 of this report reviews current measures of pavement performance and performance 
predictive models used by NYSDOT and other agencies in the US and Canada. In view of the 
decision support model proposed in Part A of this Report, we recommend probabilistic pavement 
performance models for the NYSDOT network-level PMS. Section 3 presents a general 
overview of probabilistic (Markov/Semi-Markov) pavement performance models and their 
estimation process. Section 4 estimates these models using historical data from the entire State. 
This section also discusses some of the precautions that need to be taken in order for these 


models to be even more effective in the decision support system proposed in Part A. 


2. PAVEMENT PERFORMANCE MODELING 
2.1 GENERAL 
The prediction of pavement performance over time is essential to a dynamic decision support 
system. However, there are many pavement indicators that can be used to measure performance. 
These measures include: 

e Distress (e.g.; cracking, rutting, spalling, etc.) 

e Roughness (riding comfort rating) 

e Structural Capacity 


e Surface Friction 
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2.2 SURVEY OF PAVEMENT PERFORMANCE DATA AND DATA COLLECTION METHODS 


As mentioned earlier in this report, pavement performance data can be collected at different 
levels. These levels are structural performance data (either in the form of surface distress, which 
can be used as an indicator of structural capacity, or as direct and detailed structural capacity 
data), functional performance (e.g., ride quality or surface roughness data), and safety 


performance data (mainly in the form of friction data). 


In 1994, National Cooperative Highway Research Program Synthesis 203 (NCHRP Synthesis 
203)° reported results of a survey of “Current Practices in Determining Pavement Condition” that 
was conducted for 60 highway agencies in the US and Canada. This report summarizes different 
methods used by these agencies for measuring pavement distress, roughness, structural, and 
friction (or safety) conditions. It is reported that nearly all agencies surveyed collect some form 
of pavement roughness and distress data. Most agencies also conduct pavement friction testing. 
However, about a third of these agencies do not consider pavement friction data collection as part 
of their PMS function. About 38% of the agencies surveyed perform detailed structural 
evaluations, but these are mainly used for specific project-level designs rather than for network- 
level evaluation. The following sections further define what variables are evaluated in these 
various performance measures. Four performance measures will be discussed, namely: Distress, 


Roughness, Structural Capacity, and Friction. 


Distress 

Pavement distress is a measure of surface and subsurface deterioration (mainly structural 
deterioration) as a consequence of traffic loading, time, and climatic factors. Currently, there are 
no nationally accepted standards for either the procedures or the equipment to be used in 
collecting distress information.*7 However, efforts are underway either to standardize or 
harmonize this process. According to NCHPR Synthesis 2037, distress data are usually collected 
by type, extent, and severity. Distress types tend to fall into three general categories regardless of 
roadway surface type: cracking, surface deterioration, and distortion. However, the way in which 
the specific distress types, severities, and extents are defined vary by the geographic location and 


the types of distress generally prevalent in an agency’s pavements. 
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Four methods of collecting distress data were reported in the NCHRP report.* These are 
windshield, shoulder, walking, combination and automated. Windshield method is by far the 
most commonly used method of distress data collection. In a windshield method the surveyor 
sits in a car traveling on the surveyed section and collects distress data while viewing the 
pavement through the windshield. A shoulder method is similar to the windshield method except 
that the survey car travels on the shoulder and the surveyor collects distress data by viewing the 
travel-lane pavement. Walking surveys are conducted on foot where the surveyor walks on the 
pavement while collecting distress data. There are agencies that use a combination of these three 
methods while a few use automated systems to collect distress data. As an output of these 
distress surveys, the majority of agencies summarize their data in some form of an index per 
highway section. These indices can be purely distress related or a combination of distress and 
other types of pavement performance like roughness, structural capacity or friction. Appendix B 
presents a summary of current practices of collecting distress data as reported by NCHRP 


Synthesis 203. 


Roughness 

Road roughness is a measure of pavement ride quality. In addition to its ability to measure road 
users’ ride comfort, road roughness also has a direct relationship to vehicle operating cost (e.g., 
fuel consumption, tire wear and tear, vehicle maintenance cost, etc.). Whereas pavement distress 
and structural capacity data are used to determine appropriate repair actions and hence, the 
extent of agency cost, roughness data is useful in rating pavement functional performance and 
can, therefore, be used to assess user cost (comfort, vehicle operating/owning cost, etc.). There 
are many methods of measuring road roughness. These methods can be categorized into four 
classes. Class I devices involve high precision road profile measurements. These precision 
profiles are recorded along the longitudinal wheelpath and are said to provide the highest level of 
precision and repeatability.” Class II devices still measure longitudinal profiles but at lower 
accuracy and have to be frequently calibrated using class I devices. Class III devices have even 
lower levels of accuracy and have to be calibrated on sections whose profiles were measured by 
either class I or class I devices. Class IV type of roughness measurement involves subjective 


assessment of riding comfort either by riding on the pavement section or doing visual inspection. 
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However, regardless of the device used, roughness is one of the pavement performance measures 
that is close to being standardized all over the world. This standard roughness measure is the 
International Roughness Index (IRI). IRI is a standardized roughness measure (based on the 
World Bank data’) and data from many methods of measuring longitudinal profiles can be 
correlated with their equivalent IRI. The majority of agencies in the NCHRP” survey report their 
roughness data in terms of IRI. Appendix C presents a summary of current practices of 


collecting roughness data, as reported by NCHRP Synthesis 203.” 


Structural Capacity 

Pavement structural capacity is a measure of its ability to bear traffic loads with minimum fatigue 
distress or deformation. The evaluation of this capacity is needed to assess pavement’s current 
ability to carry loads and its remaining life. However, this evaluation is often so detailed and 
costly that it is usually reserved for the specific sections where detailed information is needed for 
the final designs and selection of rehabilitation alternatives. Structural evaluation requires some 
form of physical measurements on the pavement. These measurements can be destructive (e.g., 
coring pavement samples) or non-destructive where pavement response (e.g., deflection) due to 
known load is measured. Some of the non-destructive testing equipment reported in NCHRP 
Synthesis 2037 include Benkelman beam, Dynatest, Dynaflect, Falling Weight Deflectometer 
(FWD), etc. Appendix D presents a summary of current practices of collecting distress data as 


reported by NCHRP Synthesis 203.” 


Friction 

Pavement friction is a measure of skid resistance of tires on wet pavement. If data on pavement 
friction is incorporated into a PMS, aspects of highway safety can be checked. Most of the 
agencies in the NCHRP Synthesis 203 have a friction testing program. Appendix E presents a 


- summary of current practices of collecting friction data as reported by NCHRP Synthesis 203." 
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2.3 PERFORMANCE OF NYSDOT PAVEMENT. 

As indicated in NCHRP Synthesis 203*, NYSDOT collects data on pavement distress, roughness, 
and friction. Distress data is collected annually, using the windshield method on 100 percent of 
NYSDOT highway sections. The results of this exercise are raw scores of distress ranging from 
1 to 10, 10 being the best (as new) surface condition. These raw section scores are further used 
to get average regional distress ratings. Distress surveys are normally conducted by NYSDOT 
personnel using photographic scales. These photo scales were developed in 1981 as reported by 
Hartgen et al. The data is recorded on preprinted data sheets and is later transferred to 
computers for storage and processing. NYSDOT uses the results of these distress scores to 
specify treatment strategies on its highways. Figure B- 2.1 below shows the categorization of 
pavement performance based on the distress scale, and it also shows what treatment strategies are 


recommended for the different levels of distresses. 


NYSDOT also collects roughness data. However, this is done on only a sample (about 1000 
miles). The survey is normally contracted out and is done biannually. Roughness data is 
reported in terms of IRI units. Another pavement performance characteristics collected by 
NYSDOT is friction. This is done using ASTM trailer and the data is collected three times a 
year. The friction data is reported per test, as well as per mile. The data is then stored in the 


mainframe computer for analysis. 


Excellent Condition 





Years 


Figure B- 2.1. NYSDOT Distress Scale and Treatment Strategies. 


Performance Models 

In order to specify pavement repair strategies over time, an agency needs to be able to predict 
pavement performance. This is done by fitting a deterioration curve using historical performance 
data. NYSDOT has these performance models, based on the distress data, for all its highways. 


These models are fitted using regression models and are of the form: 
Distress (in yeary) = 10 - @ Jy 


where: = aconstant (specific to the type of pavement, e.g., rigid, overlaid or flexible)) 


The choice of a performance model very much depends on the PMS analysis tools employed. 
Regression models predict average (expected) performance of pavements. These models are 
suited to deterministic decision support systems. On the other hand, if stochastic decision 
support systems are used (as is the case with the proposed PMS models - see Task-1 Report’), 


then stochastic performance models are more appropriate. 
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3. STOCHASTIC MODELING OF PAVEMENT PERFORMANCE 


3.1 PAVEMENT PERFORMANCE MODELS 

Pavement Management Systems (PMSs) require accurate and efficient pavement performance 
prediction models. Pavement performance describes changes in pavement condition due to 
accumulating use or time. Pavement performance models can either be deterministic or 
stochastic. Deterministic models predict average values of pavement performance measures. In 
contrast, stochastic models can predict averages as well as distributions of these measures. 


Examples of stochastic models include survival curves and Markov probability models. 


Survival Curves 

Survival curves fall under the category of stochastic models. A survival curve is a graph of 
probability versus time. It shows the proportion of pavements that remain serviceable after a 
number of years. Given survival curves and network goals, an agency can determine network 


maintenance strategies. 


Markov Probability Models 


The most versatile stochastic performance models that can be used in network-level PMSs are 
models based on the Markov process. A lot of work in PMSs is directed to systems based on the 


Markov decision process. The rest of this chapter focuses on these models. 


3.2 MARKOV PERFORMANCE MODELS 
Markov performance models express pavement performance in the form of a Markov transition 
probability matrix. These transition probabilities give the likelihood that pavements with similar 
characteristics will change from one condition-state to another in a given period. The following 
assumptions are made when modeling pavement performance as pure Markovian: 

1 There are a finite number of condition-states in which a pavement can be. These 


condition-states can be intervals of the distress scale. 
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2 The probability that a pavement will transition from one state to another depends only on 
the present state and action. This assumption is easy to accommodate if pavements are 
categorized into performance-homogeneous groups. We will discuss this point later. 

3 The transition process is stationary. This means that the transition probabilities do not 
change with time. This condition can be changed so that the transition probabilities 
change over time. The resulting probabilities and decision support tools are often 


referred to as semi-Markov. 


Condition-States 


Before discussing the estimation of transition probabilities we need to define the different 
condition-states a road pavement can be in and the factors that may cause changes in these 
condition-states. As outlined above, NYSDOT uses Pavement Surface Ratings or scores to 
define pavement distress condition-states. Figure B- 2.1 shows that scores of 9 and 10 signify an 
excellent surface conditions, 7 and 8 refer to good surface conditions, 6 is fair, while 5 to | refer 
to poor surface conditions. In modeling pavement distress using Markov transition probabilities, 


we will define condition-states as being equal to surface scores. 


Transition Probabilities 

Markov pavement performance modeling is achieved by estimating the transition probabilities. 
We need an efficient method of estimating and updating these transition probabilities. When 
probabilities do not vary with pavement age, they are referred to as stationary or homogeneous, 
otherwise they are non-homogeneous. Non-homogeneous transition (semi-Markov process) 
implies that, given the same initial condition-state, two pavements having the same pavement 
type but different ages will deteriorate differently. Butt et al.° have shown some evidence of this 
phenomenon for flexible (asphalt) pavements, but the difference in deterioration rates was very 
small. Due to the convenience of using homogeneous transition probabilities in both 
performance and maintenance investment modeling, we will assume homogeneity in the 
transition probabilities, knowing very well that this may introduce a slight bias in performance 


prediction. Therefore, the transition probabilities will be associated with the pavement 
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condition-states defined above. The following definitions and assumptions about transition 


probabilities are made: 


(1) p; is the probability that a pavement in condition-state i will remain in that condition-state 


(2) 


(3) 


(4) 


(5) 


(6) 


after one duty-cycle (a year of weather exposure and traffic loading). 

q; is the probability that a pavement in condition-state i will deteriorate to the next lower 
condition-state after one year. 

r is the probability that a pavement in condition-state i will deteriorate by two levels of 
condition-states after one year. 

Pavement condition will not drop by more than two condition-state (i.e., 2 score points) 
during one year. From observed historical distress data’® this assumption seems 
plausible. 

Pavement condition-states cannot go up as a result of routine or preventive maintenance. 
An upward change in state can only take place if a corrective maintenance (e.g., chip 
seal), major rehabilitation, or reconstruction work is performed. 

Condition-state 1 is a holding (or trapping, or absorbing) condition-state. Once a 
pavement is in this condition-state it cannot get out unless major repair (rehabilitation or 


reconstruction) work is done to it. 


These transition probabilities can be conveniently represented in a matrix form - P, as shown in 


Figure B- 3.1 below. 


3.3. TRANSITION PROBABILITY ESTIMATION MODEL 


Pavement condition-state, at any period n, can be represented by a state-vector S/,. This is a 


vector of probabilities that specify the likelihood of a pavement to be in various condition-states 


at period n, having started in condition-state 7. In the initial period (year), we are sure that the 


road is in a particular condition-state, say condition-state 10. So the state-vector will look like 


(0) 


Sa lL 0 eU 0 sO OnnU Ome 0]. Therefore, for a pavement that started in condition- 


state j, the state-vectors at any other period are given by: 
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Figure B- 3.1: Matrix of Transition Probabilities 


A set of all possible state-vectors in the initial year is an identity matrix, i.e., 
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The set of all possible state-vectors for any other year is given by the following matrices, based 
on the Chapman-Kolmogorov equations. 

Sa = S@P= P 

Sey = Sue = Sypris Pe 

Si = SVE OG, Oe a ee ee Bs 


Sin) = Die yP= aeeeecceece = So) P” = P" 


Therefore, the state-vector in period n for a pavement that started in condition-state j, is the jth 
row vector of the matrix P”. The vector of expected pavement conditions (in PSR) at any 


period 7 is given by: 


E, =C (>" )Pranspos if. in Meteo ed Wetec 3.3 


where, C = (10, 9, 8, 7, 6, 5, 4, 3, 2, 1). 


E,, is arow vector whose &th element (E* ) is the expected condition in period n for a pavement 


n 
that started in condition-state or PSR (11-k). The following expressions show some examples of 


E* in terms of p and q. 


Probability Estimation Model 
In order to estimate transition probabilities from historical data, our objective will be to find 
those values of p é& es a7 dimension Euclidean space) that will minimize the sum of 


squared differences between the observed PSR and the corresponding expected PSR as estimated 
by equation 3.3. A nonlinear programming model (Equation 3.4) using a Davidon-Fletcher- 


Powell algorithm”'”"' is used to estimate these probabilities. 


WV ONnUNEUIGESORTAM aa Gi Witidint Bf i, bMlsiivies SC hes Alabsest dba. caokoll......s.. 3.4 
NY é' 
Minimize > (PSRi;- PSRs)’ 
i= 1 j=1 
Subject to PplQsntgEnd 
Pegs 3 2°0 
where, 
N = total number of pavement sections, of a particular pavement category, whose 
historical data on their condition-states are available. 
Y; = total number of consecutive years (periods) for which condition data is 


available for pavement section i (not counting the first data point). 


a 
B 
Il 


observed condition-state of pavement section i, in period j that started in 


condition-state s. 


Z| 
Ol 


expected condition-state in period j for pavement section i that started in 
condition-state s (derived from equation 3.3). 


transition probabilities corresponding to condition-state s. 


Ps» Qs>Vs 


4. ESTIMATION OF DISTRESS PERFORMANCE MODELS FOR NYSDOT PAVEMENTS 


4.1 GENERAL 
This section presents the results of pavement performance models which were developed based 


on the Markov transition probabilities discussed in Section 3. These models are in the form of 
transition probabilities as well as average performance curves. All transition probability matrices 
can be found in Appendices F-1 to F-3. These probabilities will be used in the network-level 
PMS, a decision support system described in the Task-1 Report.? In order to facilitate model 
comparisons, the average performance curves (based on these transition probabilities) are used in 
this section. The average performance curves are suited for comparing performance models 
among categories. For instance, these curves can be used to show regional variation in pavement 


performance, effect of traffic loading on performance, etc. 
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Before these models can be estimated, it is important to group pavements into categories which 
are likely to be performance-homogeneous. This categorization process is important in two 
ways. First, it will lead to performance models for pavements of similar characteristics, hence it 
ismore reliable. Secondly, these performance-homogeneous categories are a prerequisite to the 
use of Markov transition probabilities as models for pavement performance. One of the 
assumptions of a Markov process is that the condition of a pavement section in the next period 
depends only on its present condition and not on its historical trend. This assumption will only 
hold for highway pavements if they are grouped into categories that have similar historical trends 
and similar deterioration propensities. If this categorization is done then, within each category, 


the performance of a pavement section can be modeled as a Markov process. 


To start with, a summary of the NYSDOT highway system is presented in Section 4.2. Section 
4.3 presents the method used in grouping highway pavements into performance-homogeneous 
categories. Section 4.4 discusses the relevance and effects of each factor used to categorize 
pavements. In this section average performance curves are used for this comparison. Section 4.5 
summarizes the results of the performance models estimation process. Transition probability 


matrices for all pavement categories are presented in Appendices F-1 to F-3. 


4.2 SUMMARY OF NYSDOT HIGHWAY NETWORK 

The state highway system under NYSDOT has about 15,000 centerline miles or about 37,000 
lane-miles of highway. Table B- 4.1 shows the distribution of distress condition of state highway 
system between 1988 and 1994. This table shows that the average condition (based on the 
pavement surface distress score) of the state highway system has remained steady between 6.7 


and 6.9. 


TABLE B-4.1 PAVEMENT PERFORMANCE OF THE NEW YORK TOURING ROUTE SYSTEM (1988- 
1994) 


Source: NYSDOT Highway Sufficiency Ratings 


The table also shows that in the period between 1988 and 1994, the majority of the pavements 
(over 70%) were rated 6 to 8 (i.e., fair to good condition). Table B- 4.2 summarizes this trend of 


pavement distress condition by each of the 11 regions in the state. 


TABLE B-4.2 STATE HIGHWAY SYSTEM REGIONAL TRENDS 1988-1994 


Average Condition Ratings 
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TABLE B-4.3 STATE HIGHWAY SYSTEM BY PAVEMENT TYPE 









State Highway System 
1994 Surface Scores by 
Pavement Type 









% Excellent 





There are three main types of pavements under NYSDOT care. These are RIGID pavements, 
OVERLAID pavements, and FLEXIBLE pavements. In 1994, the majority of the state highway 
system (53 %) consisted of overlaid pavements, followed by flexible pavements (34%), and rigid 


pavements (13%). Table B-4.3 summarizes the 1994 pavement composition of the state highway 
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system. This table also shows the distribution of pavement distress among the different 


pavement types. 


4.3 PAVEMENT CATEGORIZATION 
The performance of highway pavements depends on a number of factors. These factors include: 
e Pavement Type (e.g., rigid, overlaid or flexible) 
e Pavement Strength (or pavement’s structural capacity) 
e Traffic Loading (mainly by trucks) 
e Environmental or Regional Conditions (includes all variant regional factors) 


e Treatment Type (a measure of pavement’s added structural capacity) 


All pavements were grouped into categories based on the above factors. This process is expected 
to generate groups of pavements that are performance-homogeneous. As mentioned in Section 
4.2, this categorization is necessary to justify using Markov transition probabilities to model 


pavement performance. 


4.3.1 Regional Variation 


There are many reasons why pavement performance models should be developed by region. First 
of all, there are climatic variation among regions which may have varying effects on pavement 
surface conditions. For example, regions that get a lot of ground frost may experience 
accelerated pavement deterioration during spring thaw compared to regions that do not have such 
conditions. Other reasons that may lead to regional variations in pavement performance include 
quality of pavement construction and repair work, construction materials used, traffic 
composition, etc. The advantages of estimating pavement performance models by region is that 
the resulting maintenance and rehabilitation policies generated by the PMS decision support 
model (see Task-1 Report’) will be sensitive to regional variations in pavement quality and rates 


of deterioration. 


NYSDOT has 11 regions as shown in Figure B- 4.1. These regions were grouped into five 


zones: 
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Zone A Regions 1 and 2 
Zone B Regions 3, 4 and 5 
Zone C Regions 6, 8 and 9 
Zone D Region 7 
Zone E Regions 10 and 11 
For each one of these five zones pavements were further categorized in terms of the other four 


factors discussed in Sections 4.3.2 to 4.3.5, and then models were estimated for each category. 


4.3.2 Pavement Type 
Pavements were grouped according to their types. Three types, namely: Rigid Pavements 


(pavements whose surface layer is made up of Portland cement concrete), Overlaid Pavements 
(which are old rigid pavements overlaid with asphalt concrete layer), and Flexible Pavements 
(pavements whose surface and/or base layers are made-up of asphalt concrete). This 
categorization is important because of the different materials used in the construction of these 
pavements. Furthermore, failure modes and distress characteristics and rates differ among these 


three types of pavements. 
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4.3.3 Pavement Strength 


Pavement performance depends on the strength of its constituent layers. One would expect a 
weak pavement to deteriorate faster that a strong pavement, given equal traffic loading. The 
criterion used to come up with these strength groups is the type and thickness of the layers 
making up a pavement, such as surface layer, base layer, or sub-base layer. Table B- 4.4 shows 


codes used by NYSDOT to categorize types of pavement layers. 


TABLE B- 4.4 PAVEMENT LAYER CATEGORIZATION USED BY NYSDOT 


SURFACE TYPE BASE TYPE SUB-BASE TYPE 


Natural soil, not graded or 

















Surface and base one and Base and sub-base one and 











the same 


the same drained 
Bituminous surface treatment Natural soil, stabilized Natural soil, improved 


Natural soil, graded & drained 


with improved alignment 


















2 |Gravel, stone, slag, etc. 








Gravel, stone, slag, etc. Selected soils (not gravel 
(stabilized by other than 


bitumunous binders 


Bituminous macadam 
or rock) 12" or less 








(penetration) 









Gravel, stone, slag, etc. (with Selected soils (not gravel 


Asphalt concrete or plant mix 










or rock) over 12" 





bituminous binder 






Gravel, stone, slag, etc. (with Gravel, stone, etc. (12" or less) 









bituminous binder, over 6" 





Portland cement concrete Portland cement concrete Gravel, stone, etc. (over12") 







8" or less 8" or less 





Portland cement concrete 





Portland cement concrete Other (bridges, culverts, etc.) 








over 8" 


Aa Brick or block 


Unreinforced concrete 


Waterbound macadam 


over 8" 
Brick or block a 
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NYSDOT classifies pavements using three digits. These digits correspond to layer codes shown 
in Table B- 4.4. The first digit is for surface type, the second digit is for base type and the third 
digit is for sub-base type. For example, a pavement with code 451 is a flexible pavement with a 
plant mix surface-layer, a bituminous stabilized gravel or stone base-layer over 6" thick, and an 
improved natural soil sub-base. Based on these layer types, pavements were categorized as either 
weak or strong. Table B- 4.5 shows layer codes for the weak and strong categories in each 


pavement type. 


TABLE B- 4.5 PAVEMENT STRENGTH CATEGORIES FOR NYSDOT HIGHWAY SYSTEM 


Pavement Categories 
OY. Flexible °° 7 ( Wovertaid 
Weak: Strong 
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460-464 i 465-477 
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062, 065 072, 075 


122.132. 10107, 157 
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13514250207, 355 
145,152 : 407, 427 
Pose 22h 1)". 437 
232,235 : 442-447 
242,245 : 450-457 
9217322": 4 505 
332,335 ; 

342, 343 

344, 345 

346, 402 

403, 405 

406, 411 

421, 422 

425, 431 

432, 433 

434, 435 

441 






















4.3.4 Traffic Loading 

Pavements were further categorized based on levels of traffic loading imposed on them. 
Pavement distress is an indication of deteriorating structural capacity. Truck traffic contributes 
the bulk of structural damage to pavements, hence it will be used to group pavements into two 


loading groups, namely HIGH (truck traffic greater than or equal to 1,000 vehicles per lane per 
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day), and LOW (truck traffic less than 1,000 vehicles per lane per day). These volumes of truck 
traffic were chosen because it was evident from the distress data that the rates of deterioration 


were different for pavement sections having truck traffic below and above these volumes. 


4.3.5 Treatment Type 

In order to capture the effect of treatment type on pavement performance it was decided to take 
this factor into consideration in estimating performance models. For example, if a pavement 
section deteriorates to, say, surface score 4 and is then rehabilitated, its subsequent deterioration 
rate will depend on the type of rehabilitation treatment (e.g., 3” overlay, or 6” overlay, or 
reconstruction) applied, even though its surface score went up to 10 soon after the treatment. 
Therefore, the performance models estimated in this report will be specific to the preceding 


treatment. 


Four categories of treatments were used for flexible and overlaid pavements. These categories 


correspond NYSDOT work types as follows: 


Treatment Category 1: Single course asphalt concrete overlay MRaghacse Ree 
Treatment Category 2: Two course asphalt concrete overlay 2.08 aoe 
Treatment Category 3: Three course asphalt concrete overlay 4” - 6” or 


In-place recycling, surface course only 


Treatment Category 4: In-place recycling, full depth or 
Reconstruction or 
New pavement. 


Only one treatment category was used for rigid pavements, namely reconstruction or new 
pavement. 


4.4 PAVEMENT DISTRESS MODEL RESULTS 


After grouping pavement sections into performance-homogeneous categories as explained above, 
performance models, in the form of Markov transition probabilities, were estimated using the 


non-linear programming formulation shown in Equation 2.4. An example of these transition 
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probabilities is shown in Table B- 4.6. Transition probabilities for all pavement categories are in 
Appendices F-1 to F-3. Equation 2.3 was used to translate these transition probabilities into 
average performance curves. Figure B- 4.2 shows an example of an average performance curve 


for a pavement category whose transition probabilities are shown in Table B- 4.6. 


TABLE B- 4.6 ONE-STAGE MARKOV TRANSITION PROBABILITY MATRIX FOR A FLEXIBLE 
PAVEMENT: 


(2.5-3”’ Overlay on a Low Trafficked, Strong Pavement in Regions 6,8.9) 
0.1421 0.6130 0.2448 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
0.0000 0.5612 0.3825 0.0563 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
0.0000 0.0000 0.6695 0.2886 0.0418 0.0000 0.0000 0.0000 0.0000 0.0000 
0.0000 0.0000 0.0000 0.7556 0.1770 0.0673 0.0000 0.0000 0.0000 0.0000 
0.0000 0.0000 0.0000 0.0000 0.9146 0.0416 0.0437 0.0000 0.0000 0.0000 
0.0000 0.0000 0.0000 0.0000 0.0000 0.9474 0.0332 0.0194 0.0000 0.0000 
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.9500 0.0288 0.0212 0.0000 
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.9500 0.0261 0.0239 
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.5000 0.5000 
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 1.0000 


2.5-3"" Overlay on Strong Flexible Pavement: Low-Traffic (Regions 6,8,9) 
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Figure B- 4.2: Average Performance Curve for a Flexible Pavement 
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These probabilities give us the likelihood that a pavement section will change from one surface 
condition to another in one year. For example, the top-left number in the matrix (0.1421) is the 
probability that a pavement of this category which starts with surface score of 10 will remain 
with the same surface score after one year. The second number, 0.6130 is the probability that the 
same pavement will deteriorate to surface score 9 in one year if it starts with a score of 10. On 
average, however, if this pavement starts with a score of 10, it is expected to have a score of 8.9 
(i.e., 10*0.1421 + 9*0.9130 +8*0.2448). These average pavement scores were used to draw the 


average performance curve in Figure B- 4.2. 


The preceding discussion of the need to categorize pavements was based on the hypothesis that 
different pavement categories will deteriorate differently. The following sections presents a 
comparison of pavement performances among the various categories. To facilitate this 
comparison, average performance curves, similar to one shown in Figure B- 4.2 will be used. 
This comparison will test the hypothesis that factors such as geographical location (region), 
pavement type, pavement strength, traffic loading and treatment type, have influence on the 


distress performance of pavements in New York State. 


4.4.1 Regional Variation in Pavement Performance 


Flexible Pavements 


To check whether distress models need to be differentiated by regions, performance models for 
pavements with similar characteristics were compared across the regions. New York State was 
divided into 5 zones, as discussed in Section 4.3.1. As far as flexible pavements are concerned, 
it is evident that there are distinct variations in pavement performance among these zones. 
Figures B-4.3(a) and (b) show that there is a significant difference in the deterioration rates of 
reconstructed or new flexible pavements among regions. These figures show, for example, that 
strong, reconstructed flexible pavements in regions 1 and 2 deteriorate at slower rates than 


pavements in regions 3, 4, and 5. 


B-26 
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Figure B- 4.3 (a) Regional Comparison of New (or Reconstructed) Flexible Pavements 
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Figure B- 4.3 (b) Regional Comparison of New (or Reconstructed) Flexible Pavements 
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Figure B- 4.3 (c) also shows regional differences in the deterioration of flexible pavements 
overlaid with 2.5-3” of asphalt. It is also evident that pavements in regions 1 and 2 perform 
better than those in other regions. Other categories of flexible pavements show similar trends. 


This shows that it is important to differentiate pavement performance models by region. 





2.5-3"' Overlay on Weak Flexible Pavement: Low Truck Traffic 
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Figure B- 4.3 (c) Regional Comparison of 2.5 - 3” Overlaid Flexible Pavements 


Rigid Pavements 


Figures B-4.4 (a) to (c) show regional variation of rigid pavement performance. Again, it is 
evident that rigid pavements in regions | and 2 perform better than those in other regions in New 
York state. Figure B- 4.4 (b) shows that new or reconstructed rigid pavements in regions 10 and 
11 tend to have the worst performance in the state. All this speaks in favor of regional 


categorization of pavement performance models. 
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Figure B- 4.4 (b) Regional Variation in Rigid Pavement Performance: Strong Pavements with Low Truck Traffic. 
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Figure B- 4.4 (c) Regional Variation in Rigid Pavement Performance: Strong Pavements with High Truck Traffic. 


Overlaid Pavements 


Regional variability was also observed in the performance of overlaid pavement. Figures B-4.5 
(a) to (c) are examples of performance models of specific categories of overlaid pavements. 
There was no consistent indication of regions with better performing overlaid pavements as was 
the case with flexible and rigid pavements. This can be attributed to the fact that the underlying 
layers of overlaid pavements (old rigid pavements) had previous distresses which are randomly 
distributed across the regions and state. These old underlying distresses are then reflected as new 
distresses on the overlaid pavements. Therefore, they show no consistent regional trends. 
However, it can be noticed that for reconstructed pavements (see Figure B- 4.5 c), where 
intensive rehabilitation work is done to the underlying rigid pavement layer, the trend observed 
in flexible and rigid pavement is also seen in overlaid pavement, namely that pavements in 


regions | and 2 outperform those in other regions. 
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Figure B- 4.5 (a) Performance of Strong Overlaid Pavements: 1-1.5" Overlay with Low Truck Traffic 
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Figure B- 4.5 (b) Performance of Strong Overlaid Pavements: 2.5-3" Overlay with Low Truck Traffic 
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Reconstruct on Strong Overlaid Pavement: Low Truck Traffic 
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Figure B- 4.5 (c) Performance of Strong Overlaid Pavements: Reconstructed Pavement with Low Truck Traffic 


4.4.2 Effect of Pavement Type on Performance 
One of the factors used to categorize pavements is pavement type (i.e., flexible, overlaid, and 


rigid). To see the effect of pavement type on performance, curves of the three pavement types 
were compared by region, pavement strength and traffic loading. This comparison is done for 
new or reconstructed pavements only because this is the treatment type common to all three 


pavement types. 


As shown in Figures B-4.6 (a) to (d), rigid pavements consistently perform better than flexible 
and overlaid pavements for all pavement sub-categories. It can also be seen in these figures that 
flexible pavements performed better than overlaid pavements. This observation was expected 
because overlaid pavements are old rigid pavements with an asphalt-concrete overlay. The 
distresses of the old rigid pavements quickly show up after treatment as reflection cracks. This is 
not the case with flexible pavements. These observations confirm the need to categorize 


pavements by type when modeling performance. 
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Strong Pavement Carrying Low Truck Traffic: Regions 1, 2 
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Figure B- 4.6 (a) Effect of Pavement Type: Strong Pavements with Low Truck Traffic - Regions 1 & 2. 
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Figure B- 4.6 (b) Effect of Pavement Type: Weak Pavements with Low Truck Traffic - Regions 1 & 2. 
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Figure B- 4.6 (c) Effect of Pavement Type: Strong Pavements with Low Truck Traffic - Regions 3, 4, & 5. 
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Figure B- 4.6 (d) Effect of Pavement Type: Strong Pavements with Low Truck Traffic - Regions 6, 8, & 9. 
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4.4.3 Effect of Pavement Strength on Performance 


Flexible Pavements 


It was hypothesized that pavement deterioration will be influenced by the structural capacity of 
pavements. Pavements were then grouped into two strength categories: Strong and Week. This 
categorization was based on the surface, base, and sub-base types used, as discussed in Section 
4.3.3. From the performance estimation results, it is not evident that this categorization has a 
significant effect on flexible pavement deterioration. Figures B-4.7 (a) to (f) compares regional 
performance curves for flexible pavements by their strength categories and it is not evident (at 
least for the categories that were estimated) that strength categories play a significant role in 
differentiating pavement performance. However, it is recommended that categorization by 
pavement strength be maintained in performance modeling. With time this effect should be 


monitored and updated. 
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Figure B- 4.7 (a) Effect of Strength on Pavement Performance - Regions 1 & 2. 
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2.5-3" Overlay on Flexible Pavement: Low Truck Traffic (Regions 3,4,5) 
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Figure B- 4.7 (b) Effect of Strength on Pavement Performance - Regions 3, 4 & 5. 
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Figure B- 4.7 (c) Effect of Strength on Pavement Performance - Regions 6, 8 & 9. 
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2.5-3" Overlay on Flexible Pavement: Low Tuck Traffic (Regions 6,8,9) 
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Figure B- 4.7 (d) Effect of Strength on Pavement Performance - Regions 6, 8 & 9. 


| 1-1.5"" Overlay on Flexible Pavement: Low-Traffic (Region 7) 
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Figure B- 4.7 (e) Effect of Strength on Pavement Performance - Region 7. 
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Figure B- 4.7 (f) Effect of Strength on Pavement Performance - Region 7. 


Rigid Pavements 

Figures B-4.8 (a) to (c) show the effect of strength on rigid pavement performance. Figure B- 
4.8 (a) demonstrates that rigid pavements that carry low truck traffic in regions 1 and 2 show no 
difference in performance between weak and strong. However, regions 3 to 6, 8 and 9, pavement 
strength show significant effect on the.performance of rigid pavements. Figures B-4.8 (b) and (c) 
demonstrate this effect. This confirms the need to categorize rigid pavements by their structural 


strength in order to get consistent performance models. 
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New Rigid Pavements: Low Truck Traffic (Regions 1,2) 
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Figure B- 4.8 (a) Effect of Strength on Performance of Rigid Pavements: Low Traffic Loading in Regions 1 & 2. 






New Rigid Pavements: Low Truck Traffic (Regions 3,4, 5) 
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Figure B- 4.8 (b) Effect of Strength on Performance of Rigid Pavements: Low Traffic Loading in Regions 3, 4, 
& 5 
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New Rigid Pavements: Low Truck Traffic (Regions 6,8, 9) 
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Figure B- 4.8 (c) Effect of Strength on Performance of Rigid Pavements: Low Traffic Loading in Regions 6, 8, 
&9 


Overlaid Pavements 


Overlaid pavements were also categorized in terms of their strength. Section 4.3.3 discusses the 
criteria used to determine pavement strength. Figures B-4.9 (a) to (e) show examples of the 
effect of strength on overlaid pavement performance. Figure B- 4.9 (a) shows a large difference 
in the performance of reconstructed, low trafficked overlaid pavements in regions 1 and 2. This 
difference, however, is seen more in later years of the life of these pavements than in the first 5 to 
10 years. The rest of these curves (Figures B-4.9 (b) to (e)) show that, while strong pavements 


have better performance than weak pavements, the effect of strength is not significant. 


B-40 


Reconstruct on Overlaid Pavement: Low Truck Traffic (Regions 1,2) 
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Figure B- 4.9 (b) Effect of Strength: 4-6" Overlaid Pavements with Low Truck Traffic - Regions 3, 4, & 5. 
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2.5-3"" Overlay on Overlaid Pavement: Low Truck Traffic (Regions 6,8,9) 
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Figure B- 4.9 (c) Effect of Strength: 2.5-3" Overlaid Pavements with Low Truck Traffic - Regions 6, 8, & 9. 





1-1.5"' Overlay on Overlaid Pavement: Low Truck Traffic (Region 7) 
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Figure B- 4.9 (d) Effect of Strength: 1-1.5" Overlaid Pavements with Low Truck Traffic - Region 7. 
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2.5-3" Overlay on Overlaid Pavement: Low Truck Traffic (Regions 10, 11) 
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Figure B- 4.9 (e) Effect of Strength: 2.5-3" Overlaid Pavements with Low Truck Traffic - Regions 10 & 11. 


4.4.4 Effect of Traffic Loading on Pavement Performance 


Pavement performance depends on the type and extent of traffic loading imposed on it over its 
life time. Pavement structural capacity is diminished as it carries more repetitive loads. The 
remaining structural capacity (or remaining life) depends on the pavement’s initial structural 
capacity and the number of equivalent standard axle loads (ESALs). Passenger cars have 
negligible ESALs compared to trucks. Therefore, truck traffic was used to give us a rough 
indication of the extent of traffic loading. Pavements carrying less than 1,000 trucks per day per 
lane were categorized as low traffic loading, and those carrying 1,000 or more trucks per day per 


lane were categorized as high traffic loading. 


Flexible Pavements 
From the results of performance modeling, the effect of traffic loading on flexible pavement was 


evident but not significant, except for those pavements in regions 6,8, and 9. Figures B-4.10 (a) 


to (c) show insignificant effect of traffic loading on flexible pavements in regions 1 through 5. 
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Figure B- 4.10 (d) shows a significant effect in regions 6,8, and 9. There was not enough data 
from other regions to test this hypothesis. However, traffic loading categorization is important in 
predicting pavement performance and it is recommended in estimating performance models. 
There is a need to find other ranges (instead of 1000 vpd/lane) to stratify the data in order to 


capture the true effect of traffic loading. 
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Figure B- 4.10 (a) Effect of Traffic Loading on Overlaid Pavement Performance - Regions 1&2 


2.5-3" Overlay on Flexible Pavement: Low Truck Traffic (Regions 3,4,5) 
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Figure B- 4.10 (b) Effect of Traffic Loading on Overlaid Pavement Performance - Regions 3,4&5 
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Reconstruct on Strong Flexible Pavement: (Regions 3,4,5) 
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Figure B- 4.10 (c) Effect of Traffic Loading on Overlaid Pavement Performance - Regions 3,4&5 






Reconstruct on Strong Flexible Pavement: (Regions 6,8,9) 
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Figure B- 4.10 (d) Effect of Traffic Loading on Overlaid Pavement Performance - Regions 6,8&9 
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Overlaid Pavements 


Unlike the case of rigid pavements, not much effect of traffic loading was observed in the 
performance models for overlaid pavements. Figures B-4.11 (a) to (c) show examples the 
insignificant effect of truck traffic volume on pavement performance. However, it is still 
advisable to maintain the categorization by traffic loading and that these models should be 














updated regularly. 
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Figure B- 4.11 (a) Effect of Traffic Loading: 1-1.5" Weak Overlaid Pavements - Regions 3, 4, & 5. 


2.5-3" Overlay on Strong Overlaid Pavement: Regions 6,8,9 
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Figure B- 4.11 (b) Effect of Traffic Loading: 2.5-3" Strong Overlaid Pavements - Regions 6, 8, & 9. 
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2.5-3"" Overlay on Strong Overlaid Pavement: Regions 10, 11 
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Figure B- 4.11 (c) Effect of Traffic Loading: 2.5-3" Strong Overlaid Pavements - Regions 10 & 11. 


4.4.5 Effect of Treatment Type on Pavement Performance 


Flexible Pavements 

It is evident that the type of treatment has an effect on the deterioration rates of flexible 
pavements. Please note that this difference is not so pronounced between 1-1.5” overlays and 
2.5-3” overlays. Figures B-4.12 (b) to (e) show that the performance curves for pavements 
treated by these two types of treatment are very similar. However, the performance of new or 
reconstructed pavements is much better and differs significantly from the other two treatments. 


This is shown in Figures B-4.12 (a), (c) and (d). 
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Strong Flexible Pavement: Low Truck Traffic (Regions 1,2) 
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Figure B- 4.12 (a) Effect of Treatment on Flexible Pavement Performance - Regions | & 2 


Strong Flexible Pavement: High Truck Traffic (Regions 3,4,5) 
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Figure B- 4.12 (b) Effect of Treatment on Flexible Pavement Performance - Regions 3, 4, & 5 
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Strong Flexible Pavement: Low Truck Traffic (Regions 6,8,9) 
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Figure B- 4.12 (c) Effect of Treatment on Flexible Pavement Performance - Regions 6, 8, & 9 


Strong Flexible Pavement: Low Truck Traffic (Region 7) 
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Figure B- 4.12 (d) Effect of Treatment on Flexible Pavement Performance - Region 7 


B-49 


Weak Flexible Pavement: Low Truck Traffic (Regions 10,11) 


! SREEERERETETETER seep TY 

@ 

oO. —@— 1-1.5" Overlay 
edo 


~ =O. 


ay 
—) 


Pavement Surface Score 
orN WwW eH AN Cw 
& 
t ) 
{ ) 
{ 
() 
( } 
C) 
() 
C) 
() 
() 
! 
t ) 
( ) 
{ 


0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 
Years 





Figure B- 4.12 (e) Effect of Treatment on Flexible Pavement Performance - Regions 10 & 11 


Overlaid Pavements 

One would expect to see that the more structural-intensive treatments perform better than the 
least structural-intensive. This tendency was observed in the case of flexible pavements. In the 
case of overlaid pavements this tendency is observed in some cases but is not consistent across 
all cases. For example, Figure B- 4.13 (a) shows that 4-6" overlaid pavements performed worse 
than 1.5" and 3" overlaid pavements. This result can be explained by the fact that deterioration 
of overlaid pavements is a reflection of the underlying (old) rigid pavement layers. This means 
that if a badly distressed rigid pavement is overlaid with A 4-6" overlay, it is likely to show 
distress earlier than a moderately distressed rigid pavement that is overlaid with a 2.5" overlay. 
Figures B-4.13 (b) to (e) present other examples of the effect of treatment on the performance of 


overlaid pavements in other regions. 


All these results are indicators that the performance of overlaid pavements vary greatly even for 
those that are supposed to be in performance-homogeneous categories. There may be a need to 


standardize surface preparation of distressed rigid pavements prior to overlaying, if one is to see 
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consistent performance trends. However, the distress models estimated here are still valuable for 
use in the PMS. 


Strong Overlaid Pavement: Regions 1, 2 
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Figure B- 4.13 (a) Effect of Treatment on Overlaid Pavement Performance - Regions | & 2 










Weak Overlaid Pavement: Regions 3, 4, 5 
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Figure B- 4.13 (b) Effect of Treatment on Overlaid Pavement Performance - Regions 3, 4, & 5 
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Weak Overlaid Pavement: Low Truck Traffic (Regions 6, 8, 9) 
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Figure B- 4.13 (c) Effect of Treatment on Overlaid Pavement Performance - Regions 6, 8, & 9 
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Figure B- 4.13 (d) Effect of Treatment on Overlaid Pavement Performance - Region 7 
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Strong Overlaid Pavement: Low Truck Traffic (Regions 10, 11) 
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Figure B- 4.13 (e) Effect of Treatment on Overlaid Pavement Performance - Regions 10 & 11 


4.5 SUMMARY 

This chapter presented results of the estimation of pavement distress models or performance 
models. Pavements were grouped into performance-homogeneous categories and separate 
models were estimated for each category. These models were estimated as Markov transition 
probabilities using a formulation given by Equation 3.4. An example of these probabilities is 
shown in Table B- 4.6. All transition probability matrices are presented in Appendices F-1 to F- 
3. For purposes of determining the effects of the various factors used to categorize pavements, 
average performance curves were used. These curves were estimated using Equation 3.3 in 


Chapter 3. 
In general, it was found that all factors used to categorize pavements had some influence in the 


performance of pavements. These factors include (a) pavement geographic location which was 


related to the 11 NYSDOT regions, (b) pavement type, i.e., flexible, rigid or overlaid, (c) 
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pavement strength, based on pavement layer types, (d) traffic loading, based on the volume of 
truck traffic, and (e) treatment type. The results show that most pavement categories registered 
significant variation in performance among pavement types and geographical location. In 
general, rigid pavement performed better than either flexible or overlaid pavements. On the 


other hand, flexible pavements showed better performance compared to overlaid pavements. 


In comparing regions, it was generally observed that pavements in regions 1 and 2 performed 
better than those in other regions. However, this observation was not always the case where 
overlaid pavements were concerned. In fact, the results imply that the performance of overlaid 
pavements is more erratic than the performance of either rigid or flexible pavements. This may 
be attributed to the fact that the underlying layers (old distressed rigid pavements) of overlaid 
pavements have more variability even among pavements in the same category or region. Since 
overlaid pavements make the bulk (about 53%) of pavements under NYSDOT, there is a need to 


look into a standardized approach of rehabilitation so as to get more consistent performance. 


The other factors used to categorize pavements (strength, truck traffic and treatment type) also 
showed some effect on performance, even though not in all categories. In summary, therefore, 
we would recommend all five factors to be used in future distress performance models. The 
transition probabilities presented in Appendices F-1 to F-3 will be used in the PMS model 
hieeeited in Task-1 Report. These probabilities will need updating from time to time by taking 
advantage of newly collected data. This updating process will also be able to capture any 
deviation in performance characteristics as time goes by. We would recommend that the 


probabilities be updated once every five years. 
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PART C 


C. Evaluation and Recommendations on NYSDOT Pavement Work-History Record 
Keeping from LCC Perspective 
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1. INTRODUCTION 


IMPORTANCE OF WORK HISTORY IN PAVEMENT MANAGEMENT 

In this report, NYSDOT work-history record keeping is discussed. The importance of 
work-history record keeping for pavement management cannot be over emphasized. 
The main driver of a pavement decision support system is the set of pavement 
performance models for the different categories of pavements. As elaborated Part B, 
the performance of highway pavements depend on its treatment history. If we are to 
group highway pavements into performance-homogeneous categories for efficient 
application of management decision tools (see Part A), these categories ought to consist 
of pavements of similar traffic levels, pavement types and work-history types. Such 
categories will benefit from joint performance models and realistic pavement 
management strategies. In keeping records of work-history, it is not sufficient to know 
what was last done on a pavement segment but rather what has been done on it since its 
construction. This report will examine what kind of records NYSDOT keeps and what 


can be done to improve work-history record keeping. 


2. NYSDOT HIGHWAY-RELATED RECORD KEEPING 


NYSDOT keeps record of numerous aspects of its highway system. These records 
ated | 

(i) highway identification and location information 

(ii) highway physical characteristics 

(iii) traffic information 

(iv) pavement condition information. 
All records are based on pre-designated highway segments. There are about 22,000 
highway segments covering about 37,000 lane-miles (or about 15,000 centerline-miles) 
of the state highway system. Sections 2.1 to 2.4 show the kind of information kept in 


the four record types listed above. 


2.1 HIGHWAY IDENTIFICATION & LOCATION 


These records identify highway segment by type and location. These records are well 


defined elsewhere.’ This information includes: 


Route Number 

Region and County Name 
County Order Number 
Control Segment Number 
Starting Milepoint 

Ending Milepoint 
Reference Marker 

State Highway Number 
Residency Code 


Other records related to highway identification and location include: 


Terrain Type 

Area Type 

Culture 

Functional Classification 
Highway Control Code 

Access Code 

National Highway System Code 
Route Overlap Status 


All this information is very useful in locating highway segments and categorizing them 


into specific jurisdictions and functional classifications. 


2.2 HIGHWAY PHYSICAL CHARACTERISTICS 

In addition to traffic and work-history data, physical characteristics information is 
useful in categorizing pavements into performance homogeneous groups. The 
following is a list of records currently maintained by NYSDOT regarding the physical 


characteristics of highway segments. 


Section Length 

Number Of Roadways 
Number Of Lanes 
Median Type 

Median Width 

Pavement Type (rigid, overlaid, or flexible) 
Pavement Width 
Pavement Surface Type 
Pavement Base Type 
Pavement Sub-Base Type 
Shoulder Type 

Shoulder Width 


2.3 TRAFFIC INFORMATION 
This information is also useful in categorizing pavements into performance categories, 
as well as determining user cost associated with pavement segments. Information 


currently collected include: 


Passing Sight Distance 

Percent Parking 

AADT Volume (vehicles per day) 
Traffic Count Year 

Design Hourly Volume 

Adjusted Rated Capacity 
Volume/ Capacity Ratio 
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Percent Trucks 
‘Percent Tandem Trucks 


Truck Classification Year 


2.4 PAVEMENT CONDITION INFORMATION 

The last set of records kept by NYSDOT related to highway pavements relate to 
pavement condition. These records include the historical distress (surface scores) data 
from 1981 to current date, current dominant distresses, and information about latest 


pavement treatment work done. The list below shows the type of records maintained. 


1981-to Current Date Surface Score 

Dominant Distress - Faulting 

Dominant Distress - Spalling Isolated 
Dominant Distress - Spalling General 
Dominant Distress - Alligator Cracking Isolated 
Dominant Distress - Alligator Cracking General 
Dominant Distress - Widening Drop Off 

Year of Latest Work 

Work Type 


The historical record keeping of distress data (1981 to date) has been very useful in 
developing pavement performance models (see Task-2 Report’). This kind of record 
keeping should continue for future use in updating the performance models. The 
information about dominant distresses is also very valuable, especially in deciding 
about specific treatment types. The record that need improvements so as to enhance the 
performance prediction models as well as treatment selection strategies is the work- 
history. Currently, only the latest work type and year is recorded. This information 
alone is not enough to explain the variation in distress scores that are recorded 


annually. The following section discusses what improvements can be done in the 


recording of pavement work history for efficient use in pavement management. Most 
of these improvements do not necessarily imply collecting new data but rather keeping 


currently collected data in a more useful format. 


3. PROPOSED WORK-HISTORY RECORD KEEPING 


In Section 2.4, it was shown that the work-history data recorded include Year of Last or 
Latest Work, and Work Type. Year of latest work is the year when the latest 
resurfacing or reconstruction work was performed on the highway section by contract 
or state forces. Work type shows codes that are consistent with treatment types used by 


NYSDOT. These codes include: 


Code Work Type 
1 Single-course asphalt concrete overlay 1” - 1.5” 
2 Two-course asphalt concrete overlay 2.5” -3” 
3 Three-course asphalt concrete overlay 4” - 6” 
a In-place recycling, surface course only 
5 In-place recycling, full depth 
6 Reconstruction total pavement replacement 
7 Other. Treatments used for special purposes. 


There are two aspects of the work records that can be enhanced. A minor improvement 
has to do with the coding of work type, and a major improvement involves the 


frequency with which this information is to be kept. 


3.1 RECORD FREQUENCY 


Currently, the past work records show only the latest treatment work and the year it 


was done. Such information hides valuable insights that can be derived from the 
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variability of the annually kept distress data. Pavement performance characteristics 
have a lot to do with work history which can be misinterpreted if work history records 
are insufficient or unreliable. Annual records of pavement treatment are very 
important for modeling of pavement performance and for future updating of 
performance model. As discussed in Section 3.2, all types of pavement treatment 
records, including do-nothing should be maintained annually, similar to pavement 


distress data. 


It is our expectation that this exercise will not impose any additional effort on regional 
offices since such information is readily available. If records for previous years can be 
reliably extracted, that information can also be used to refine current pavement 


performance models. 


3.2: WORK-TYPE RECORD IMPROVEMENT 

Records of previous work type should include do-nothing, as well as preventive 
maintenance. This information is important because there is a correlation between 
pavement performance, as measured by distress indicators, and the frequency of 
preventive maintenance. Current records do not show whether no treatment or 
preventive maintenance was done on a pavement section. Since preventive 
maintenance cost money but sometimes can be very cost-effective, it is important to 
determine its effect on the propagation of pavement distress. Therefore, it is proposed 
that the current seven work-type categories be increased to nine to include two 
categories of Do-Nothing and Preventive-Maintenance. Alternatively, to be consistent 
with INAM treatment strategies,* one can use the codes for the eight treatment 
strategies shown in Table C- 3.1, including a ninth category for special treatments such 
as rehabilitation of bridge deck, etc. 
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3.3 SUMMARY 

In summary, pavement treatment work records are important in pavement 
management because of their role in pavement performance modeling and model 
updating. Such records should include annual work types done on each pavement 
section. Therefore, there will be one work-type record for each pavement section each 
year, similar to the pavement distress data. The work-type data should include not 
only resurfacing and reconstruction work but even preventive maintenance and do- 
nothing. These records can be kept in the same format as the rest of the S-1 data, such 
as surface scores, and stored in the mainframe computer. However, the database 
architecture may need to be modified to allow on-line accessibility, through pcs and 


workstations, by frequent users of this information if this is currently not possible. 
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4. PAVEMENT ROUGHNESS (ADDITIONAL RECORD KEEPING) 


So far this report has discussed some of the pavement management records kept by 
NYSDOT and proposed work history record keeping.improvements. In addition to 
these recommendations, it is also proposed that NYSDOT maintains pavement 
roughness data for the applicable sections in the same level of details as pavement 
distress data. Pavement roughness data is important because it is more related to user 
cost (vehicle-operating cost) than distress data. A pavement management system that 
takes into consideration user cost needs information about pavement roughness. It is 
understood that this data is collected biennially and on selected sections only. 
However, if roughness data were kept in the same data format as surface distress, then 
roughness performance models could be developed that would enhance decision 


making. 


5. CONCLUSIONS 

The purpose of this report is to evaluate and propose improvements to the 
Department’s work-history record keeping. Based on the current information 
maintained by NYSDOT, it is evident that all the necessary information is available to 
have a meaningful work history database. However, at the moment this information is 
presented for the last work type and year it was done. Also, only resurfacing or 
reconstruction work types are specifically reported. The report recommends that 
pavement treatment (work) information be maintained and presented on an annual 
basis, and that all work types, including do-nothing be encoded. This information can 
be kept in the same data format as pavement distress data. However, it may be 
beneficial if the database structure is modified to allow on-line accessibility of the 


frequent users. 
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Finally, a comment is made about the need to keep the pavement roughness data, 
currently collected by NYSDOT in the same level of detail and format as the distress 
data. This information will enhance the decision support system, especially if user costs 


are to be considered in that process. 
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PART D 


D. Evaluation and Recommendations on NYSDOT’s capability to estimate Pavement 
Maintenance and Capital Costs 
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1. INTRODUCTION 

The following is a review and evaluation of NYSDOT’s current capabilities to estimate 
pavement treatment costs and costs of maintaining and protecting traffic. This review is 
followed by recommendations on how to improve the existing practice. In this report, 
the focus will be on evaluating cost estimating capabilities from the network-level 


pavement management point of view. 


2. EXISTING NYSDOT TREATMENT COST ESTIMATION PROCEDURES 

Currently, the NYSDOT Design Quality Assurance Bureau (Albany, New York) 
produces an annual report which details Pavement Management Network-Level 
Treatment Costs. This report discusses current trends that have effects on the price and 
implementation of various pavement management strategies during the prior fiscal 
year. The report culminates in a table entitled Summary of Costs for Various Pavement 
Treatments, similar to the one presented in the Appendix . This table displays the 
regional and statewide average costs per lane-mile (in $1,000) for the various treatment 


strategies. 


Information that is not displayed in the average cost table (see the Appendix), but of 
interest, is the data from which the table is derived. The average cost of each treatment 
is computed by summing the total of its line item costs as bid on previous regional 
contracts. Such information could be very useful in developing better treatment cost 


functions as discussed in Section 3. 


The total weighted average costs presented in these tables also consider the contribution 
of the following factors to the total cost: 

e Cost of work on pavement only. 

e Cost of work on the roadside adjacent to pavement. 

e Cost of work being done to improve safety. 

e Cost of overhead. 


Table 1: NYSDOT Treatment Strategies 














ISTRATEGY 
Pia itangs, trees esperar tate 


| Preventive Maintenance (High Cost) 













Preventive Maintenance (High Cost) Patch Pavement, Fill Cracks 
I |Corrective Maintenance or Minor Rehabilitation 1.5" Armor Coat, 1.5" ACC Shoulder 
Corrective Maintenance or Minor Rehabilitation Mill Pavement, 1.5" Armor Coat, 1.5" ACC Shoulder 
| K_ |Major Rehabilitation 2.5" ACC Overlay with 2.5" Shoulder 
Major Rehabilitation (High Cost) 4" ACC Overlay with 3" ACC Shoulder 
Rubblize (Overlaid Pavements Only) Remove ACCP, Rubblize PCCP, 6" ACC Overlay with 3" Shoulder 
10.5" ACC Reconstruction with 3" ACC Shoulder 










Flexible/ 







Overlaid 






3. OBSERVATIONS AND RECOMMENDATIONS 


3.1 GENERAL 
Treatment cost estimates currently used by NYSDOT are appropriate for network-level 


planning and budgeting if the treatment strategies listed in Table 1 are triggered at 
same specific pavement surface conditions as those shown in Table 2. In effect, Table 1 
and Table 2 together constitute a maintenance and rehabilitation (M&R) policy. For 
example, preventive maintenance strategies A (for rigid pavement) and G (for 
flexible/overlaid pavement) in Table 1 are expected to be performed when the 


respective pavement surface ratings have reached 8 (see to Table 2). Similarly, 
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reconstruction strategies F (for rigid pavement) and N (for flexible pavement) are 
expected to be performed when surface scores are between 1 and 3. However, if a 
decision support tool, such as the model proposed in Task-1 report (1) is desired, in 
order to generate optimal M&R policies, more detailed cost functions are needed. 


These cost functions are discussed in Section 3.2. 


As pointed out earlier, the cost estimate figures such as those in the Appendix may be 
suitable for network-level planning and budgeting. However, they are certainly not 
adequate for project-level planning. The item unit cost of work is a function of the 
magnitude of a project. Large paving jobs tend to reduce the unit costs of component 
items because equipment and manpower may be more effectively utilized. Small 
contracts may result in a somewhat inefficient resource utilization and higher bid 
prices. The discussion in this report is relevant to the evaluation of cost data for 


network-level planning only. 


3.2 TREATMENT COST FUNCTIONS 


The cost of any pavement treatment strategy will depend on the pavement condition at 
which it is applied. For example, a pavement section at surface score 3 requires more 
preparatory work to restore the pavement to a point where it can be rehabilitated than a 
pavement section at surface score 5. This variability in cost as a function of surface 
condition is not currently reflected in the cost estimates. M&R cost estimates by 
pavement surface condition (at the time of treatment) will constitute cost functions. 
Such functions can be very helpful in developing M&R policies. 

Examples of cost functions can be seen in Sharaf et al. (3) who compiled cost data for 
flexible and overlaid pavements under the management of the U. S. Construction 
Engineering Research Laboratory (CERL). For example, their rehabilitation cost was 
divided into a fixed and a variable cost. Fixed cost is the cost of applying a particular 
rehabilitation treatment on an already prepared surface. This cost depends only on the 


type of rehabilitation work. Variable cost, on the other hand, is the surface preparation 
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cost. This is the cost of preparing a damaged pavement surface so that it is ready for 
any treatment. Variable cost depends on pavement surface condition - the better the 
surface condition, the less the variable repair cost. The total cost is the sum of variable 


and fixed cost which will be a function of pavement surface condition. 


Table 2 Network-Level M&R Trigger Conditions 


Pavement Distress Distress Treatment 
Surface Frequency Severity Categories 
Score Assigned 


Excellent Do Nothing 


Infrequent to 1 Preventive Maintenance (High Cost) 
Occasional Preventive Maintenance (Paving) 


Occasional to Slight to Preventive Maintenance (Paving) 
Frequent Moderate or Corrective Maintenance 
(High Cost) or Rehabilitation 


Occasional to Moderate to Rehabilitation or 
Frequent Severe Rehabilitation (High Cost) 


Rehabilitation (High Cost) 
or Major Rehabilitation 


Very Frequent Very Severe Major Rehab. / Recontruction 





Source: The NYSDOT Pavement Condition for New York’s Highways: 1994 (2) 


The Study Team proposes the development of M&R cost functions to be used in place of 


the current average cost estimates. It is anticipated that this process will not involve 


any new data collection efforts on the part of NYSDOT, except that the current data be 
available in more details. The cost functions will merely be extensions of the current 
average costs. Instead of an average line item unit cost, this unit cost will be a function 
of the existing pavement surface condition. The determination of cost functions will 
evolve over time as annual project cost data include the necessary information for this 
purpose, namely the average pavement condition and the corresponding line item cost 
for each project. However, the decision support model proposed in Task-1 Report will 
be implemented using the current average costs. This means the model will assume 
that line item costs will only vary with region, and not with pavement condition. As 
more information is made available the current average costs will be replaced by these 


cost functions. 


3.3 MAINTENANCE AND PROTECTION OF TRAFFIC 


Currently, the line item for maintenance and protection of traffic in NYSDOT contracts 
is bid in terms of lump sum. (The Department has additional line items for construction 
signs, message boards, pavement markings, delineation, and other temporary traffic 
flow devices). NYSDOT also has established standards and specifications for 
establishing traffic protection for both stationary and mobile work zones. For 
estimation purposes, NYSDOT engineers usually estimate traffic maintenance cost as a 


percentage of the contract cost and the complexity of the construction staging. 


Upon examination of the pavement treatment strategies, various traffic maintenance 
strategies are required. For high cost treatments, long term lane or road closures will be 
required for safe work sites. For lower preventive maintenance, mobile work zones are 
more common. Since the required maintenance and protection of traffic is so diverse, 
perhaps the lump sum bid is the best alternative. Similar to the current method of 
estimating treatment costs, the Department may establish the corresponding traffic 


maintenance costs for each treatment as a percentage of the project cost. 


Obviously, maintenance and protection of traffic is not a function of the pavement 
condition at the time of treatment. Consequently, the cost functions proposed in 
Section 3.2 will still be valid and only a fixed cost (depending on the type of treatment) 
will be added to each function to reflect the cost of protection and PReMtenarice of 


traffic. 


4 SUMMARY 
In summary, the Study Team thinks that the Department capability in estimating 


pavement maintenance and capital cost is good. For the purpose for which it was 
intended, the cost estimates are quite adequate for network-level planning. The current 
cost estimate data are detailed enough to enable the user to incorporate regional 
variation. However, in view of the decision support enhancements being proposed by 
the Study Team, the current cost estimates will need to be enhanced. Instead of 
reporting maintenance and capital cost estimates as average cost per treatment strategy, 
it would be better if these costs could be distinguished by the average pavement surface 
condition at the time of treatment. This way the resulting cost estimates or functions 
will be sensitive to both regional variation as well as pavement condition variation. 
Such functions will greatly enhance the M&R policies resulting from the proposed 


pavement management models. 
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APPENDIX 


1994 (AUGUST) NYSDOT AVERAGE TREATMENT 
COSTS (INCLUDING EXPANDING FACTORS) 
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1995, 
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PART E 


E. Evaluation and Recommendations on NYSDOT Road User Costs for Network-Level LCC 
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1. INTRODUCTION 


This is the fifth task in the Scope of Services which states that: 


The consultant shall review and evaluate the Department's capability to estimate the road user 
delay cost for pavement repair strategies and compare it with that of other agencies. 
Recommendations for improvements shall be made, including when and how to include user 
delay costs in LCC analysis. The Department will review and concur with the recommendations 
in draft. The consultant shall incorporate any revisions required by the Department in the final 
recommendations. 


The following report is a review and evaluation of NYSDOT's current capability to estimate both 
road user time-delay-costs and road user vehicle-operating-costs, as well as recommendations on 
how to improve upon the Department’s existing practice. In this review a distinction is made 
between road user delay costs during construction and maintenance activities, and road user 
vehicle operating costs escalation due to pavement deterioration as measured (currently) by 
Pavement Surface Rating - PSR (a distress measure) and International Roughness Index - IRI (a 
roughness measure). Also a distinction is made between road user cost reduction due to highway 


capacity improvements and user cost reduction due to pavement riding quality improvements. 


There has been a long debate among transportation engineers and planner whether or not to 
include user cost in the evaluation of pavement improvement projects. As pointed out in the 
HUCA manual,"'! NYSDOT is in a position of trust with the people of New York State and is 
obligated to steward the State's facilities and resources in a prudent manner. Furthermore, there 
are more pavement improvement needs than there is available funding. Therefore, NYSDOT is 
obligated to spend community resources on projects that give the public the greatest benefit from 
its investment. Consequently, the cost borne by the user of a road facility ought to be taken into 


consideration in project or program selection. 


In order to understand when and where road user cost ought to be considered, it is important to 
distinguish the various components of this cost. Road user cost includes all cost incurred by the 
user of the highway facility as a consequence of using that facility. This cost is comprised of 
vehicle operating cost - VOC (which includes fuel cost, oil & tire cost, ownership cost, vehicle 
maintenance cost, and administrative cost - mainly for commercial vehicles), delay cost, and 


accident cost. In analyzing road improvement projects, the reduction in these user costs can be 
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very significant and ought to be used as benefits for the projects. However, not all types of user 
costs need to be considered when analyzing specific improvement projects. For example, in a 
Capacity improvement project (such as widening lanes or adding more lanes to a section of 
highway) intended to reduce congestion, all three types of user cost (i.e., VOC, delay cost, and 
accident cost) can potentially be reduced and should be included in the analysis. However, in a 
surface quality improvement project, such as resurfacing, where the main objective is to improve 
riding quality, VOC is the major cost component affected. It is also possible that accident cost 
may be reduced if the resurfacing was done to improve safety factors such as surface skid 
resistance. Time delay cost become a factor in a surface improvement project only if the 
pavement had deteriorated to such a low surface quality as to affect running speeds. If 
pavements are maintained such that their surface quality is above a threshold (say PSR 2 5), then 
speeds will not be adversely affected by surface quality. In such cases, VOC becomes the main 
component of road user cost. Models estimating user cost that is sensitive to pavement surface 


quality will be the focus of this report. 


The following section discusses current NYSDOT practice in estimating road user costs. 


2. EXISTING USER COST ESTIMATION PROCEDURES BY NYSDOT 


NYSDOT has two methods of estimating user costs. The first method is based on a spreadsheet 
program called Highway User Cost Accounting (HUCA) model which is good for capacity 
improvement projects. This method is discussed in Section 2.1. The second method is based on 
approximate figures of estimating VOC, based on the pavement distress condition (PSR). This 


method is discussed in Section 2.3. 


2.1 NYSDOT's HIGHWAY USER COST ACCOUNTING (HUCA) 


Overview 
NYSDOT's HUCA is a microcomputer (based on LOTUS 1-2-3 spreadsheet) model that can be 
used to estimate the impact of highway capacity improvement to user cost (VOC, delay cost and 


accident cost). The model can accept user inputs and in the absence of user inputs, default values 


are used. The main purpose of the program is to compute project benefits as a result of capacity 


improvements. 


Use of HUCA in the Economic Analysis of Capacity Improvement Projects 


Given a capacity improvement project, project cost, project life, inflation and discount rates, 
HUCA can be used to estimate life-cycle reductions in vehicle operating cost, user delay cost 
(both cost reductions are due to expected increase of vehicle running speeds) and user accident 
cost. These user cost reductions can then be considered as benefits to the project and further 
benefit/cost analysis can be performed to facilitate project selection and resource allocation. 
HUCA does this analysis for various types of facilities such as freeways, arterials, two- 
lane/multi-lane rural highways, and signalized intersections. Other types of analyses that HUCA 
can perform include the impact of lane closure on user cost, the user benefits of nighttime 
construction under congested flow conditions, and the comparison of user benefits of on-site vs. 


off-site detours during construction. 


Shortcomings of HUCA 


Pavement Surface Quality Improvement 

As pointed out, HUCA is intended to be used to analyze the impact of highway capacity 
improvement on user cost. In its present state it cannot estimate user cost due to pavement 
surface quality improvement, which is the main type of work done in the pavement maintenance 
management program. Section 2.2 discusses how NYSDOT estimates user cost benefits due to 


surface quality improvement. 


Unaccounted Impact of Capacity Improvement 


Currently, HUCA does not take into account the impact of capacity improvement on users’ route 
choice. Not every capacity improvement project will result in delay or congestion reduction. In 
order to determine the consequence of capacity improvement on the flow of traffic, a careful 
evaluation of users’ choice of routes is warranted. This type of analysis is known as NETWORK 
DESIGN ANALYSIS (see Abdulaal & LeBlanc”!, or Poorzahedy & Turnquist'*!). This type of 
analysis is especially necessary if the section to be improved is part of a network of highways 
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which offer users alternative routes. Without such analysis one cannot be sure by how much 
congestion will be reduced as a result of capacity increase. In fact, some capacity improvement 
projects can result in an increase in congestion in the network (This phenomenon is also known 
as the Braess Paradox - see Pas & Principio'*!). HUCA is a very valuable model, especially if it 
used to analyze isolated sections of highway. However, care must be taken when used to analyze 


capacity improvements in section of a congested urban network. 


2.2 NYSDOT'S ROAD USER COST RELATED TO PAVEMENT SURFACE QUALITY 


Presently, NYSDOT attempts to quantify road costs as part of a yearly study, Pavement 
Condition of New York's Highways”). This study attempts to describe overall condition of the 
State's paved highway network. The Department uses a qualitative measure, the Pavement 
Surface Rating Scale (PSR), to assign a rating to each section of pavement under the State's 
jurisdiction. NYSDOT utilizes specially trained personnel to rate each pavement (annually) 
using a windshield survey method. The actual rating (PSR) is a function of the visible severity 


and extent of primary distress of the pavement surface. 


Based on the rated surface condition, the Department computes the road user costs which would 
be saved if the pavements were improved to excellent condition, as shown in Table 13 of the 


Pavement Condition of New York’s Highways: 1994°!. The Department uses the following 


relationships to compute the road user costs: 


PSR Excess Operating Costs (¢/mile) 
1 to 5 3.5 
6 1.6 
7 to 8 0.6 
9 to 10 0.0 


These relationships proposed by Irwin"), are rough estimates of road user costs calibrated for 
New York State based on World Bank relationships. It appears as if NYSDOT utilizes this data 
and the rest of the data in the annual Pavement Condition report as a basis for network-level 


assessment. 


VOC is more related to pavement roughness than to pavement surface distress. Since PSR is a 
measure of pavement distress, it is appropriate that NYSDOT relates its VOC estimation to the 
roughness data until such time when the PSR scale can be correlated meaningfully to the IRI 
(roughness) scale. Since NYSDOT collects roughness data on a large part of its highway 
network, it is appropriate to look for models that can estimate VOC based on pavement 


roughness. Such models exist as a result of a large-scale study conducted by the World Bank." 


In order to use the World Bank models, NYSDOT needs to calibrate the respective parameters to 
reflect New York State vehicles and highway conditions. This suggests a new study to collect all 
the necessary information to enable the calibration process. However, since such a study will 
take a long time and is outside the scope of the present project, the next best thing to do is to 
borrow from models that were calibrated in areas with characteristics similar to those in New 


York State. 


Section 3 gives a brief description of the World Bank models and Section 4 describes VOC 
models that may be suitable for NYSDOT. This section also recommends specific VOC (1997) 
figures that can be used by NYSDOT. 


3. THE WORLD BANK VEHICLE OPERATING COST (VOC) MODELS 


The World Bank has made a large effort in developing models that can predict road construction 
cost, road maintenance cost and road user cost. These costs constitute total transport cost over 
the lifetime of roads. In order to develop quantitative models for estimating these costs, in 1969 
the World Bank initiated a study which later became a large-scale collaborative program 
involving road agencies and research institutions from many countries in the world. The 
resulting models are contained in the 1985 Highway Design and Maintenance Model (HDM3)"7! 
which is currently in use by many road agencies in the world. An improved and more user- 
friendly HDM4 is in the testing stages. One of the modules in the HDM3 estimates vehicle 
operating cost (HDM3-VOC). This module is discussed in detail by the World Bank HDM3 
manual”! and by Archondo-Callao and Faiz.®! The module contains relationships for estimating 


VOC as a function of vehicle type and road conditions. These relationships were developed from 
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studies done in Brazil, the Caribbean, India, and Kenya. These models can be used to estimate 
VOC in other parts of the world. However, the models need to be calibrated to account for local 
unit costs, vehicle and road characteristics. Such use of HDM-VOC models was implemented in 


Saskatchewan, Canada.”! 


Please note that the World Bank VOC models have not been validated for congested traffic 


conditions. They are valid for free-flow conditions. 


4. NYSDOT VOC MODELS 


The models presented here are derived from the HDM3-VOC models. Most of the parameters 
have been borrowed from the models that were calibrated for the Saskatchewan"! (Canadian) 
conditions. However, these calibrated parameters were further adjusted to reflect the 1997 
conditions in New York State. These VOC models can be used for general use with the 
pavement management models developed in Task 1. These VOC models are based on pavement 
roughness (IRI). You may recall that the PMS models in Task 1 were based on the PSR scale. In 
order to bring in VOC models in the PMS models, we may need to either develop robust 
relationships between pavement surface rating (PSR) and roughness (IRI, or change PMS 
models so that they are based on pavement roughness. The following section discusses the 


attempt to develop relationships between PSR and IRI. 


4.1 PAVEMENT CONDITION DATA 

NYSDOT collects roughness data on a large portion of its highway network. This roughness 
data is measured in terms of the International Roughness Index - IRI (m/km or in/mi). As 
mentioned above, IRI data is not collected for all NYSDOT road sections. However, PSR 
(distress index) is collected for all road sections. Based on the 1993 IRI and PSR data collected 
by NYSDOT, there is a very weak relationship between pavement roughness (IRI) and pavement 
distress (PSR). The best relationships that could be achieved from the 1993 data is based on 
Equation 1. Table E- 1 shows the estimated parameters of Equation 1 for different types of 


pavements surfaces. These parameters are only valid for PSR values between 5 and 10. 


However, it is evident that there is a very weak relationship between PSR and IRI, as indicated 


by the R’ measure. 
IRI fe pOtB*PSR 1 
where: 
IRI = International Roughness Index [inches/mile] 
PSR = Pavement Surface Rating (distress index between 1 & 10) 
fh es Regression parameters. 


Table 1. Relationship between IRI and PSR 


19.7960 -2.4665 
15.0507 yh ea! 
13.2482 -1.2960 





4.2 CALIBRATION OF VOC MODELS FOR NYSDOT 


The model proposed for NYSDOT draws heavily on the Saskatchewan VOC model”! which was 
calibrated from the World Bank VOC model to fit Canadian conditions. These Canadian 
conditions are similar to New York conditions in terms of vehicle fleet composition, highway 
conditions, costs of vehicle ownership, vehicle maintenance, tires, fuel and oil. Tables E-2 and 
E-3 show the vehicle characteristics that were either assumed or taken from the Canadian user 
cost survey data.!"" '! Table E- 2 shows vehicle types that were considered in the Saskatchewan 
VOC calibration. It also shows the vehicle types used in the Brazilian study conducted by the 
World Bank. The Canadian vehicle types are similar to those seen in New York State roads. In 
terms of vehicle utilization, particularly for cars, it seems that the Canadian average vehicle 
utilization of 10,000 mi/year is on the low side, compared to the US average of 15,000 mi/year. 
However, differences will only be reflected in the vehicle ownership cost component of the 


Voc. 
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Table 2. Typical Vehicle Characteristics: Saskatchewan (HDM3 Data Base) * ”! 


Maximum Rated Engine 
Curb Wt. GVW 
Vehicle Type [tons] [tons] 












[hp] [rpm] [hrs] 
Small Car: Chevrolet Chevette (VW/300) pinay | | 6548) | 5200 e600) | 10 (12) 





a Pach Onto 0c | | os foe | we) | 
-Axle Truck: Western Star” (faj/ 1.6 (---)’ 


* Note: Figures in parentheses reflect the characteristics of the fleet used in the World Bank study in Brazil 





1 Equivalents to 7-axle trucks did not exist in the Brazil study 
2 Not known 


Table E- 3 is compiled from a 1986 Canadian road user survey.'''] This shows data about annual 
distance traveled, tire life and cost, cost of fuel, lubricants, maintenance and labor. These vehicle 
characteristics, especially the utilization of cars, is very similar to what can be expected in the 
US. Therefore, in terms of vehicle characteristics and use, there are many similarities between 


the Saskatchewan data and what would be expected for New York State data. 


E-9 


| Average Service Life | Service | Average Service Life | 
Time Distance GVW 
[mi] {tons] 








fof [oneness VOOR chat OGIO) eT [ae ee 


' Based on 1986 US$, and exchange rate of CA$1 to US$0.75 


; (a): Data from 172 bulk commodity carriers!!!) 


(b): Data from 474 general merchandise carriers'''! 


> Buel only 

* Estimated from annual distance data and average service life in years. 
* Includes oil and grease 

° An average between driving tire life and steering tire life 


7 SOL 
Tractor service life 


The next components of VOC calibration are the highway characteristics. In order to compute 


VOC, one needs information of vehicle running speeds. Highway running speeds are a function 
of the desired speeds and a distribution (Weibull shape) factor, B, that combines the effects of 
terrain and road roughness. Table E- 4 shows the desired speeds, B, and the running speeds for 


seven types of vehicles. These desired and running speeds were estimated based on the 55 mph 
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speed limit. In sections where the speed limit has been changed to 65 mph, the figures in Table 
E- 4 may be slightly lower than reality. However, the running speeds shown in Table E- 4 
closely approximate the speeds expected on uncongested highways in New York State (where 55 


mph speed limits are imposed). 


Table 4. Desired Speed Calibration Based on Canadian Data (Adapted from BEIN” ) 


ee a a 


Assumed | HDM3 Default Iterated HDM3 Default 
61.1 






Vehicle Calculated 













Payload Running Speed 





[mph]” 





’ Average network payload, including empties 


2 Based on Saskatchewan terrain 


4.3.1 Economic versus Financial Costs 

Vehicle Operating Costs (VOC) can be expressed as being either financial or economic. 
Financial costs are the actual accounting costs incurred by the various parties, while economic 
costs are financial costs minus market distortions such as taxes, duties, tariffs, subsidies, as well 
as external costs like pollution. The World Bank VOC models compute both financial cost and 
economic costs. Whether one uses economic costs or financial costs will depend on the type of 
cost analysis employed. At a planning level, economic costs are more appropriate to use because 


the policies resulting from such analyses reflect the best use of pure resources. On the other 


hand, for budget planning, the costs must reflect true accounting costs, and financial costs should 
be used. In a pavement management system (PMS), VOC reduction due to maintenance 
activities are considered as benefits and the agency cost as costs. Since the same users of the 
system are incurring both user cost and agency cost (as tax payers), the most appropriate VOC to 
be used is the economic cost. If financial VOC costs are used in conjunction with agency costs 
we will be double-counting, for example, the tax portion of fuel cost that goes into highway 


maintenance. 


However, in transferring models from Saskatchewan to New York State, it is safe to say that the 
financial cost part of the models may transfer better than the economic cost part. This is due to 
the lack of information at present about the Canadian tax burden on highway related 
commodities and how much of that burden is transferred to highway improvements. Models for 


both types of costs will be presented in this section. 


4.3.2 User Delay Consideration in VOC Models. 


Since the IRI range considered in these models includes that part where surface roughness starts 
to affect running speeds, the VOC models will be presented so that user cost that includes delay 
can be estimated. In situations where pavement surface is maintained, above say PSR 5, the 


delay part of VOC will be insignificant. 


4.3.3. Saskatchewan VOC Models 
The following model, adopted from the World Bank HDM3, was used in the Saskatchewan 


pavement management study: 


VOC} 30Me Gr" Ba 0) ED NADY D298 2 
Where, VOC: = Vehicle operating cost for vehicle type i (x10" 1986 CA ¢/km). 
A;andB; = Calibrated constants for vehicle type i. 
OQ; = Administration cost factor for vehicle type i (commercial vehicles only) 
IRI = International Roughness Index (m/km). 
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Table E- 5 shows the calibrated constants for the Saskatchewan VOC models. 


Table 5 Calibrated Constants for the Vehicle Operating Cost Equations 


FINANCIAL COSTS ECONOMIC COSTS 


Excluding Including 
Vehicle Type 


8) 






Excluding Including 














user delay user delay 





user delay user delay 








1.0 
1.0 
1.0 


(Adapted from BEIN’”’ ) 


4.3.4 NYSDOT VOC Models 
In order to convert the 1986 Canadian VOC figures to 1997 New York State VOC figures, a 5% 


inflation rate was assumed. This is consistent with NYSDOT directive, as discussed in the 
HUCA manual.' Also, a 1986 exchange rate of CA$1 to US$0.75 was assumed. Tables | to 4 
in the Appendix present VOC figures that can be used by NYSDOT. Since it is often the case 
that only excess cost, rather than absolute value of VOC, is of interest, Figures E-1 to E-4 present 
this excess VOC. Excess VOC is the VOC users incur above what they would incur if the 
pavement allowed a perfectly smooth ride (IRI = 0). Tables 1 to 4 in the Appendix also show 


this excess cost. 


To get a sense of what roughness (IRI) figures mean, Archondo-Callao and Faiz'®! suggest Table 


E- 6 that relate qualitative assessment of pavement roughness to the IRI scale. 


Table 6. Qualitative Assessment of IRI 


Qualitative Possible PSR 
507-634 | _950- 1267 


The last column of Table E- 6 is a “guesstimate” of equivalent PSR values. Those figures did 















not come from Archondo-Callao and Faiz. 







Figure la. 1997 Excess Financial VOC (Including user delay) for NYSDOT 
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Figures E-1(a & b) and E-2(a & b) show excess financial VOC that include and exclude user 


delay, respectively. They show, for example, that if pavements are left to deteriorate to IRI of 


380, the average excess VOC for cars is 6 (¢/mi) if delay is included, and 4.5 (¢/mi) if delay is 
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excluded. On the other hand, Figures E-3 (a & b) and E-4 (a & b) show excess economic VOC 


as functions of IRI. If the pavement is left to deteriorate to IRI of 380, the average economic 


VOC for cars is 4.5 (¢/m1i) if delay is included and 3.5 (¢/mi) if delay is excluded. 


Excess VOC [¢/ml] 


Excess VOC [¢/ml] 


Figure 1b 1997 Excess Financial VOC (Including user delay) for NYSDOT 
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Figure 2a. 1997 Excess Financial VOC (excluding user delay) for NYSDOT 
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Figure 2b 1997 Excess Financial VOC (excluding user delay) for NYSDOT 
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Figure 3a, 1997 Excess Economic VOC (including user delay) for NYSDOT 
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Figure 3b. 1997 Excess Economic VOC (including user delay) for NYSDOT 
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Figure 4a. 1997 Excess Economic VOC (excluding user delay) for NYSDOT 
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Figure 4b. 1997 Excess Economic VOC (excluding user delay) for NYSDOT 
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= SUMMARY AND RECOMMENDATIONS 


Tables 1 to 4 in the Appendix, as well as Figures E-1 to E-4, present recommended VOC values 
for NYSDOT. These VOC values are presented for individual vehicle types and are related to 
pavement roughness. There are four passenger car categories and five commercial vehicle 
categories. However, at the planning level traffic information is often not available at this level 
of details. Traffic data is often given in terms of total volume and percent trucks or heavy 
vehicles. Therefore, a useful form of VOC data is expressed as averages for cars and heavy 


vehicles. To do this, we need to know the distribution of cars and heavy vehicles on highways. 


Table E- 7 below shows such information. This shows the distribution of heavy vehicles on 
highways and on urban facilities. It was compiled from the Port Authority of New York & New 
Jersey commodity surveys,’ conducted between 1989 and 1992. We can deduce from Table E- 
7 that the average distribution of commercial vehicles on highways is 10% (2-axle), 5% (3 axle), 
and 85% (4+ axles). If we make a further assumption that passenger cars are distributed into 
30% (small cars), 50% (medium cars), 15% (large cars) and 5% ('% ton), we can develop average 
VOC for cars and trucks from Tables 1 to 4 of the Appendix. Figures E-5 to E-8 are examples of 


such VOC curves, based on the distribution data assumed above. 
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Table 7. Distribution of Commercial Vehicles on New York Highways 


Survey Location 
aR SS eT 
Goethals Bric ze” 

George Washington (Lower) Bridge 


Ge ington (Upper) Bridge’ 100 
Ho el” 
Lin el” 
ee 
Mi nel? 
Pe 
ee 
hy WE 













orge Washi 
te a a 
Outer Bridge Crossing” | 26 | 6 | 68 | 100 
ae ees es are 
Williamsburg Bridge’ | 72 | 29 | 19 | 100 


[12] 


— 





1 1992 Truck-Commodity Survey 
2 1991 Truck-Commodity Survey 
3 1989 Truck-Commodity Survey!"7! : 


{12] 








Figure 5. 1997 Average Excess Financial VOC (including user delay) for NYSDOT 
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Figure 6. 1997 Average Excess Financial VOC (excluding user delay) for NYSDOT 
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Figure 7. 1997 Average Excess Economic VOC (including user delay) for NYSDOT 
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Figure 8. 1997 Average Excess Economic YOC (excluding user delay) for NYSDOT 
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APPENDIX 


Recommended VOC Tables for NYSDOT 
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Table A-la. 1997 Financial User Costs for NYSDOT (including user delay) - [¢/mi]' 


Road Roughness Cr A> ROS COMMERCIAL VEHICLES 
(IRI) Small |Medium | Large Y-ton | 3-Axle | 2-Axle | 3-Axle | 5-Axle | 7-Axle 
Car Car Car Bus Truck | Truck | Truck | Truck 





' Based on 1986 exchange rate of CA$1 to US$0.75 and an annual inflation rate of 5% 
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Table A-1b. 1997 Excess Financial User Cost for NYSDOT (including user delay) - [¢/ml] 


Road Roughness c <A ‘Res COMMECIAL VEHICLES 


(IRD) Small {Medium | Large Y-ton | 3-Axle | 2-Axle | 3-Axle | 5-Axle | 7-Axle 
Car Truck | Truck | Truck ruck 
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Table A-2a. Recommended 1997 Financial User Costs for NYSDOT (excluding user delay) - [¢/ml]' 


Road Roughness Cc A RBS COMMECIAL VEHICLES 


(IRI) Small | Medium | Large Ya-ton | 3-Axle | 2-Axle | 3-Axle | 5-Axle | 7-Axle 
in/ml Car Car Car Bus Truck Truck Truck Truck 





' Based on 1986 exchange rate of CA$1 to US$0.75 and an annual inflation rate of 5% 
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Table A-2b. 1997 Excess Financial User Costs for NYSDOT (excluding user delay) - [¢/ml] 


Road Roughness C A R S COMMECIAL VEHICLES 


(IRI) Small |Medium | Large Y%-ton | 3-Axle | 2-Axle | 3-Axle | 5-Axle | 7-Axle 
in/ml Car Car Car Bus Truck Truck Truck Truck 
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Table A-3a. Recommended 1997 Economic User Costs for NYSDOT (including user delay) - [¢/ml]' 


Road Roughness C *A =R®S COMMECIAL VEHICLES 


(IRI) Small | Medium | Large Y-ton | 3-Axle | 2-Axle | 3-Axle | 5-Axle | 7-Axle 
in/ml Car Car Car Bus Truck Truck Truck Truck 





’ Based on 1986 exchange rate of CA$1 to US$0.75 and an annual inflation rate of 5% 
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Table A-3b. 1997 Excess Economic User Costs for NYSDOT (including user delay) - [¢/ml]' 


Road Roughness C. JA JRE 'S COMMECIAL VEHICLES 


(IRI) Small | Medium | Large Y-ton | 3-Axle | 2-Axle | 3-Axle | 5-Axle | 7-Axle 
Car Car Car Bus Truck Truck Truck Truck 
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Table A-4a. Recommended 1997 Economic User Costs for NYSDOT (excluding user delay) - [¢/ml]' 


C..-A-.- RES - COMMECIAL VEHICLES 


Road Roughness 
(IRI) - Small | Medium | Large Y-ton | 3-Axle | 2-Axle | 3-Axle | 5-Axle | 7-Axle 
Car Car Car Bus Truck | Truck | Truck | Truck 












" Based on 1986 exchange rate of CA$1 to US$0.75 and an annual inflation rate of 5% 
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Table A-4b. 1997 Excess Economic User Costs for NYSDOT (excluding user delay) - [¢/ml]' 


COVA RES COMMECIAL VEHICLES 


Road Roughness 
(IRI) Small |Medium | Large Y,-ton | 3-Axle | 2-Axle | 3-Axle | 5-Axle | 7-Axle 
Car Car Car Bus Truck | Truck | Truck | Truck 
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